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INTRODUCTION

DESIGN OF AN AUTOMATED STELIAR
PROPER MOTION MEASURING SYSTEM
By James S. Newcomb

George E. Zenk
Anton E. LaBonte

zecl

This report presents the design for a scanning system for measuring the
stellar proper motions recorded on pairs of star plates of the same regions
of the sky taken a decade apart for the National Geographic-Mount Palomar
Observatory Sky Survey. The laser beam-rotating prism scanner is described
and its resolving power in detecting the faintest stars now detectable by
"blink machine'" methods is evaluated. The functions and properties of the
electronic signal processing and automatic gain control systems are presented.
A computational program by which stellar proper motions may be identified and

documented is set forth.

I, INTRODUCTION

Stellar proper motion is the movement of certain stars with reference to
"fixed" stars. Proper motion is a characteristic of stars relatively close
to the earth. Stars which have proper motions and are faint--of about tenth
to twentieth magnitudes--are of especial interest because information about
their distance, color, and brightness can supply clues to the understanding

of the important process of stellar evolution.

Proper motions are measured by direct comparison of the positions of
images of stars or pairs of star plates taken ten or more years aprart. The
usual measurement is a two step process. First, a highly skilled observer
locates a proper motion by rapid alternation of his field of view between the
two star plates whose fixed star fields match. This is called "blinking" the

pair of star plates. The next operation is the measurement of the proper
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motion using an accurately calibrated measuring microscope. The proper motions

are measured with respect to nearby fixed stars of comparable magnitude.

Automation of the proper motion survey depends on the development of two
systems: (1) a scanner capable of measuring rapidly and accurately all of the
images of the pairs of star plates, and (2) a data processing system capable
of reconstructing star images from the scanner data, recognizing and document-
ing the proper motions. The present "blink machine" plus measuring machine
operation takes over 100 working hours to document one plate pair; the scanning
and data reduction systems described in this report reduce the time required

by a factor of about forty.

This report summarizes the design and analysis efforts on the Automated
Proper Motion Survey subcontract from the University of Minnesota under NASA
contract NSR 24-005-062 for the year July 1, 1965 to July 1, 1966.

The aims for the year's efforts have been as follows:

(1) to develop the basic design concepts for the complete automatic
system from scanning machine to computer computation,

(2) to design and fabricate the star plate scanning machine,

(3) to fabricate an engineering test model of the scanning machine on
which the design parameters can be tested, and

(4) to design and fabricate the detection electronics for the scamning
machine.

The design concepts set up for the complete system are shown in Figure 1.
In the operation labeled Step 1, the x and y coordinates of each star on each
plate, measured to 4+ 1 micron, are recorded on two magnetic tape units, ome
to each plate. The stars are located by a scanning spot microdensitometer
whose primary light is that from an He-Ne laser at 6328 angstroms. Each time
the scanning spot encounters a star image, signal gates transmit the x and y
positions to the tape unit through a buffer. The buffer is necessary to
absorb "bursts of measurements coming faster than the tape can handle them.
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INTRODUCTION

The control console provides visual scanning displays, alignments and scanning

controls for human supervision of the scanning operation.

The detection and documentation of the proper motion stars is accomplished

in Step 2 of Ffgure 1. The data processing consists of the following

operations.

)
(2)
(3)
(%)

)

(6)

The star transits, giving the plate coordinates of each star image,
are grouped so that all transits associated with a given star are
linked in computer memory locationms.

Each linked group is analyzed to obtain the location (in plate
coordinates) of the center of the star.

Coordinate transformation of star locations on one plate is
performed by the computer to bring the stars on one region of one
plate into precise alignment with stars on the other plate,

Star images not alignable by these transformations will be considered
proper motion stars and their location and motion will be documented
in both plate coordinates and celestial coordinates.

It should be noted that throughout the detection, recording, and
computation sections of this system screening techniques--analog,
digital, and visual--will be used to reject transits caused by
dirt, scratches, or plate flaws.

The proper motions documented by the computer can be recorded on
computer printout, punch cards, or magnetic tape.
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OPTICAL SCANNING SYSTEM

II, OPTICAL SCARNING SYSTEM

A, Purpose of System

The functions of the optical scamning system are (1) to provide scamning
spots moving in synchronization across the two star plates and one reference
reticle, and (2) to provide efficient light collection systems to transmit

the light passing through the three surfaces to the three photomultipliers.

The scanning motion is provided by the passage of light through a con-
tinuously rotating octagonal prism. A transparent prism was chosen for this
purpose rather than a mirror prism because the change in path length for the
beam passing through the prism as it rotated was less than that of a mirror
prism system having the same scan length, thus reducing the change in scanning

spot size as the prism rotates.

The scanning beam must be divided into three beams having the same motion
on the three surfaces they scan. This is accomplished by two beam splitting
cubes and three right angle prisms. A compensating block of glass is necessary

in one of the beam paths to equalize the total glass path for the three beams.
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OPTICAL SCANNING SYSTEM

B. Engineering Test Model of Optical SCannihg System

The final optical scanning system design is the result of extensive
testing of many different system elements on an engineering test model built
for that purpose. The model was built to provide an 8 millimeter scan length;
this length was dictated by the availability of a one inch octagonal prism.
The prism cluster splitting the scanning beam in two was assembled from
commercially available prisms and beam splitting cubes. The star plates were
mounted parallel to each other in holders adapted from the Riddell blink
machine. The holders were mounted on a carriage fitted to a Gaertmer optical
bench. The carriage was moved along the optical bench by a ten thread per
inch lead screw driven by a variable speed drive. The entire assembly was
mounted on a heavy cast iron table to increase the rigidity of the system.

The prism was rotated on a long shaft with an angle encoder coupled to the
other end. A belt and pulley coupled the shaft to a synchronous motor drive.
The shaft was driven at 3600 and 1800 revolutions per minute for the tests.

In operation, the plates moved horizontally past the vertically scanning spot,
scanning a "stripe” 8 millimeters wide and as long as the restriction of the
equipment on the central post containing the rotating prism, the prism cluster,
the converging lens and focussing controls would permit. The laser was mounted
on the table and aimed at the rotating prism through a hole bored to the plate
holder support. A schematic of the optical system for one of the test setups
is shown in Figure 2. The purpose of the angle encoder is to provide one
reference pulse per revolution of the prism. This pulse is used to trigger
the sweep of the oscilloscope and present a display based on a constant
relationship between the individual prism faces and their location on the

screen,

A general view of an early test setup is shown in Figure 3. In this test,
the laser beam used was nominally 2 millimeters in diameter, and is shown in
the center of Figure 3 between the laser and the moving support for the star
plates. The storage tube oscilloscope and the video control system were used

to provide a visual display of the scanned area.
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OPTICAL SCANNING SYSTEM

A more detailed photograph of the scanning and detecting system for the
test setup is shown in Figure 4. The laser beam enters from the left and is
given a scanning motion by the rotating prism. The scan separator prism
cluster splits the beam into two beams scanning the star plates vertically.

The light balancing filters, neutral density continuously variable filters,
were used to compensate manually for the difference in fog level between the
two plates. The star plates are not shown in place in this photograph; they
are mounted in the two spaces between the prism cluster and the light balancing
filters. The rotating prism shown here is the ome inch commercially available

prism producing an 8 millimeter scan.
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OPTICAL SCANNING SYSTEM

C. Scanning Spot Size

Of all the system parameters affecting the resolution of the scanning
system, the physical size of the scanmning spot was shown both analytically and
experimentally to be the most critical. 1In addition, the available spot size
depends on basic design factors such as the scan length and beam size. Hence,
the optical design considerations were evaluated in the final analysis by
their influence on the minimum spot size, since the smaller the spot size,

the better the resolution will be.

A. E. LaBonte has calculated the theoretical variation of detected trans-
mittance as a spot of varying size scans an opaque round image. The details
of the calculation are shown in Appendix A. The resulting curves are shown
in Figure 5. The curves are presented in essentially the same manner as they
would be observed on the oscilloscope screen as the spot scans through the
center of the image. The curves shown neglect the effect of diffraction and
the gradual increase of density of star images toward the center. 1In curves
for ds/di > 1, note that light "leaking" around the edges of the image when

the spot is larger than the image reduces the maximum height of the curve.

When the opaque circular star image is replaced by a star image whose
transmittance profile matches measured values, curves calculated by LaBonte
(shown in Appendix A) result--as are shown in Figure 6. These curves are for
a fixed image size (90 microns) and a variable spot size. Note the smoothing

effect on the curves resulting from the more realistic image structure.

Both Figures 5 and 6 show that the spot size should be kept to a minimum
for the effective resolution to be usable. The images for which the system
is designed range from about 18 microns to about 300 microns in size and 10 to
20 in red magnitudes. Therefore, a spot size between 10 and 20 microns would
detect the star images reliably without degradation of the image. Since the
beam size of the laser being used is nominally 2000 microns, a converging lens

is necessary to reduce the size of the beam, as shown in Figure 2. The lens

11
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OPTICAL SCANNING SYSTEM

APPARENT TRANSMITTANCE
~0.10

~0.02
—_ 1 1 1 1 i 1 |
-80 -60 -40 -20 0 20 40 60 80
SEPARATION BETWEEN IMAGE CENTER AND SPOT CENTER
(MICRONS)

Figure 6: Apparent Transmittance Profiles of a "Star" Image. The star
(radius p) is "seen" by a circular spot (diameter ds) which
scans through the image center. The results have béen matched
approximately to those obtained experimentally for the image
of an 18th magnitude star on a new original plate taken by
Luyten. See Appendix A.

13
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OPTICAL SCANNING SYSTEM

must be located on the laser side of the rotating prism for the image formed
at the focal point of the lens to have a scanning action. Thus, the minimum
focal length of the converging lens selected must be equal to the optical path
from the laser side of the rotating prism to star plate, including the neces-

sary clearances between the rotating and stationary optical elements.

The size of the rotating prism is determined by the length of the scan
to be produced by its rotation. The length of scan is in turn determined by
the speed of plate processing and the maximum rate of horizontal travel of the
plate. In the design of the lead screw advance machine, the manufacturer
specifies that the maximum rate of carriage advance is six millimeters per
second in the measuring direction; further, the measurements can take place
in only one direction. The carriage can be returned in the other direction

at the maximm rate of six millimeters per second.

The scans are designed to occur at five micron intervals along the

x (horizontal) axis. Hence, the maximum scan rate will be

6000 microns per second
5 microns per scan

or 1200 scans per second. Since, for an octagonal prism, eight scans occur
per revolution, this requires that the prism rotate at 9000 revolutions per
minute at its maximum scanning rate, At six millimeters per second, one pass
of the scanner in the x direction would take one minute to cover the 360 milli-
meters of plate length. For the n horizontal passes (stripes) needed to cover
the whole plate, the return passes would make the total number of traverses
equal to 2n - 1. For a total scanning time of 35 minutes, 18 stripes will be
needed. For a total width of plate of 360 millimeters, a single scan length
in the y direction of 20 millimeters will be sufficient to cover the whole
plate in 18 stripes. The thickness of the prism needed to produce a 20 milli-

meter scan in the y direction can be calculated with the aid of Figure 7.

14
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AN
INCIDENT RAY \(

GLASS SLAB OF
.7/ REFRACTIVE INDEX N

i = angle incident ray makes with normal
r = angle refracted ray makes with normal
t = thickness of glass
d = displacement of beam
4= t sin (i - r) s%n i_ N

cos r sin r

Figure 7: Displacement of a Beam of Light in a Glass Slab

When the parallel sided glass plate is an octagonal prism, i becomes the angle
of rotation of the prism from the normal to the prism face. The maximum dis-
placement will occur for the maximum incident ray angle, or 22°30'. The

maximum total displacement of the beam is given by

_ 2t sin (22°30' - 1)
cos Tr

total d
max
For the BSC-2 glass of which the prism is made,
N = 1.5094, r = 14°49.3', d___ = 20.74 millimeters.

The prism thickness of 75 millimeters was chosen to provide for an
overlap between scans plus a small 'dead time" in the scanning system for the
insertion of the x coordinate into the data. Allowing a nominal clearance of

ten millimeters between the rotating and stationary optical parts, the optical

15
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OPTICAL SCANNING SYSTEM

path between the converging lens and the star plates is 156 millimeters. This
is the minimum focal length the converging lens must have in order to form the

scanning spot in the plane of the star plate.

In the practical construction of the laser, divergence of the laser beam
from parallelism occurs, This divergence, ed’ is the result of normal dif-
fraction spreading of a beam of light from an aperture plus the contributing
errors of mirror placement and construction tolerances. The manufacturer's
specification of beam divergence for the two millimeter diameter laser beam

is 10-3 radians. The diffraction contribution for a two millimeter circular

aperture is given by 6& (radians) = l4§gk, where a is the diameter of the
aperture in millimeters, and A is the wavelength used, 6.328 x 1()-5 milli-

meters. The eé contributed by diffraction is 3.86 x 10-5 radians, or about
four percent of the total divergence. The minimum spot size attainable by
a perfectly corrected converging lens of f millimeter focal length is the

product, 8 in = f Gd.

in
For a focal length of 156 millimeters, this gives a minimum spot size of
156 microns. Though this spot size is an appreciable reduction from the
beam diameter, the design objective of 20 microns could not be realized with-
out further manipulation of the design parameters. Since f and A are both
fixed by system requirements, the spot size was reducible only by increasing
the diameter of the original laser beam, the quantity a in eé (radiansg) = 14§ZLu
This was accomplished by the use of a 10X beam expander supplied as an
accessory to the laser by the laser manufacturer. The beam expansion was
produced by passing the laser beam through a two lens system consisting of a
short focal length entrance lens, a very small aperture, and an exit lens,
aspheric and diffraction limited, having a focal length ten times that of the
entrance lens, producing a beam expansion of ten, or a nominal beam diameter
of 20 millimeters. Applying this new value of beam diameter to the spot size

equation, s n becomes 15.6 microns, an acceptable spot size.

mi

16
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OPTICAL SCANNING SYSTEM

However, it should be noted that the minimum spot size can be attained
only with a lens so perfectly corrected as to be diffraction limited in its
operation. Tests on the engineering test model with commercially available
lenses have confirmed the detection capability and the limitations of this

large spot size.

In order to reduce the sensitivity of the detection system to spot size
and the variation of spot size during a single scan, a special light collection
system was devised. A schematic view of the light collection system for onme
star plate is shown in Figure 8. In this drawing, D represents the diameter
of the projection of the spot size on the converging lens number 1; S' repre-
sents the effective diameter of the scanning spot on the star plate; and A is
the actual physical diameter of the aperture placed in front of the photo-
sensitive surface of the photomultiplier. The effect of the light collection

system is to limit the effective spot size to a fraction of the aperture

size A.
s STAR PLATE
APERTURE
SCANNING SYSTEM \ convz;om
LENS %2 PHOTOMULTIPLIER

A

) N

/

i

LT TJI
T IR

CONVERGING LENS 1

/

]

LIGHT COLLECTION SYSTEM
Effective spot size: §' = %-A

1 1 1
Position of aperture: q - fz - fi*d

£+
Scanned aperture on converging lens #l: D =-1$—- A

Figure 8: Light Collection System

17
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In this system the aperture A in Figure 8 is placed a distance q from the
converging lens number 2, such that a real image of the converging lens
number 1 is formed on the aperture. This image remains stationary while the
rotating prism turns; the aperture, when reduced to a size smaller than the
size of the image of the lens, effectively screens the scanmning spot and
transmits to the photomultiplier only the part of the spot passing through the
aperture. Thus, the effective spot size is determined by the aperture diameter
and the ratio of d to q, as shown in Figure 8. The actual spot size is deter-
mined by converging lens number 1 as explained above. While this light col-
lection system relieves the converging lens number 1 of the necessity of
producing a very small spot, excessive spot size reduces the intensity of
light of the scammed area, as well as decreasing the image contrast for small

star images.

The relationships of the three scanning beams, the star plates, and the
reference reticle are shown in an optical schematic of the final design system,
Figure 9. In this design each light path in the light collection systems
passes to the aperture down a hollow tube which also supports the scanning
mechanism. The laser, the three photomultipliers, and their apertures are

all located in the support structure into which the light collecting tubes

-are mounted. All of the mirrors shown in this schematic are first surface

mirrors flat to 1/4 wavelength. The reticle with spot position measuring
grid has precise graduations at right angles to the scan direction. The
spacing of the lines is such that the position of the spot can be located to

an accuracy of one micron.

Figure 10 is an exploded view of the scan separator prism cluster
showing the assembly which separates the converging laser beam into three
beams, The beam projected upward in the drawing has fifty percent of the
intensity of the original laser beam; the other two beams have 25 percent.
The added intensity on the upper beam is needed to adequately penetrate the

normal fog level on the original plates. This fog level is much higher on

18
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OPTICAL SCANNING SYSTEM

the original plates than it is on either the duplicate plates or the reticle.

In the actual design of the section of the system shown in Figure 8,
f1 = 156 millimeters, f2

values, the value of q becomes 525 millimeters. At this distance, the

= 130 millimeters, d = 16 millimeters. For these

reduction of the aperture size A to the effective spot size S' becomes

= 16 millimeters
525 millimeters

s' x A = .0305 A.

The scanned aperture of converging lens number 1 becomes

172 millimeters

525 millimeters A = .328 A.

For an aperture of 0.5 millimeter, an effective aperture of 15 microns would
result, with a scanned aperture of .,164 millimeter. 1In the final design of
the system, photographic type diaphragms having continuously variable aperture
sizes will be used. The variable diaphragm controls used on the engineering
test model have proved invaluable in balancing the resolution of the spot with

the fog level of the plate.
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D. Design of Converging Lens Number 1

The function of this lens is to form the smallest poséible spot of light
from the expanded laser beam on the star plate. Two factors tend to increase
the spot size when off the shelf lenses are used, making advisable a lens
designed especially for this application. These factors are (1) the presence
in the image space of 69 millimeters of glass, and (2) the change in actual

glass path as the beam is deflected for the scanning operationm.

Several off the shelf lenses were tested for spot size formation,
particularly those used for prism binocular objectives, since their design
would include compensation for the glass path of the Porro prism assembly.,
The spot size was tested by visual and photographic examination. The photo-

graphic method was set up as shown in Figure ll.

—d ois”
.00is" ENLARGED VIEW OF RETICLE
XN\
.00i8" — * CLEAR AREAS
T OPAQUE AREAS

REAL , ENLARGED IMAGE

\’\ OF RETICLE FORMED ON
RETICLE FILM PLANE

\\ FILM PLANE
CAMERA
LENS AND
SHUTTER

Figure 11: Photographic Measurement of Spot Size Using a Reticle
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The photographic exposure was made by a standard shutter on the laser
beam while the scanning prism was rotating. The resulting streaks contain
several scans. These scans are not quite superimposed because the experimental
prism did not mount in a plane exactly normal to the axis of rotation of the
drive shaft. Figure 12 shows two exposures with two lenses of differing focal
lengths and apertures. In each case the "spot" size refers to the width of
the streak on the plate for a single scan. The dark comb™ crossing the beam
is the pattern of the reticle shown in Figure 9. Each measurement shows, as
did other similar measurements, that the measured spot size was always gfeater

than the diffraction limit.

A computer ray tracing program was used to evaluate the optical parameters
of a lens capable of forming a spot with (1) minimum size throughout the scan
and (2) minimum change of size from the center of the scan to either edge.
Additional requirements imposed were those of simplicity--the simplest lens
with the smallest possible number of elements to reduce both internal reflec-

tions and cost.

Designs were evaluated for several scan lengths and beam sizes. A simple
converging meniscus lens with its convex face toward the laser was found to

produce minimum spot size for a laser beam two millimeters wide with a ten

‘millimeter scan. Doubling the scan length increased the path length of the

laser beam through the system by a factor of 1.5 from 104 millimeters to 156
millimeters. This,: plus the expansion of the diameter of the laser beam by a

factor of ten made a meniscus lens inadequate for spot formatiom.

The final design used a cemented doublet to give a flat focal field over
the whole scan. Rays entering the lens parallel to the principal axis at
distances of up to 17 millimeters from the center of the lens were traced
through the rotating prism and the scan separator prism cluster. The inter-
sections of these rays with the axial ray was used to determine the spot size

in the plane of the star plate. A graph of the radii of spots formed by rays
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A. Streak for spot size measurement. Lens focal
length 124mm. Beam diameter 17mm. Spot size
23 microns.

B. Streak for spot size measurement. Lens focal
length 147mm. 10X expanded laser beam. Spot
size 20.5 microns.

Figure 12: Measurement of Spot Size. Dark bars across the scan

are the reticle described in Figure 9. Photographs
show several scans not quite superimposed, due to the
wobble in the experimental prism mounting.
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entering the lens at various distances from the center of the lens is shown
in Figure 13, These spot radii were calculated solely from geometrical
considerations, and do not include diffraction disk calculations. The height
of the entrance ray giving a 15 micron spot is shown on the graph to be
about 4.6 millimeter radius, or 9.2 millimeter diameter. This is the
theoretiéal maximum scanned aperture on converging lens number 1, shown as
dimension D in Figure 8, which would result in a spot size not exceeding

15 microns for 22 degrees of prism rotation either side of the nornal to the

prism face.

In the final design, however, the maximm scanned aperture, D, is shown
to be .328 A. For a 15 micron effective spot size, the aperture A would be
1/2 millimeter. The scanned aperture D would be only .164 millimeter in
diameter, including diffraction effects; hence, the variation of spot size
with prism rotation at that aperture would be very small. Thus, although the
variation of spot size with prism rotation is large for light entering the
outer portions of lens number 1, the effective spot size deals only with the
central portions of the image and changes little with prism rotation. A
further enhancement of this property occurs because the intensity of the
laser beam is not uniform across the beam, but a Gaussian distribution, with
the greatest intensity at the center. This has the effect of increasing the
number of rays entering the system near the axis of the lens and decreasing

the number of rays entering near the margin of the lens.
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SIGNAL ELECTRONICS

III,” SIGNAL ELECTRONICS

A. . Introduction

The function of the Signal Electronics portion of the system is to
convert the information in the three intensity modulated laser beams into
pulse-position modulated electrical signals. This portion of the system
supplies various gates, control signals, and video signals to the computer
interface and control and display consoles. A simplified functional block

diagram of the basic image data flow is shown in Figure 14,

The laser beam is passed through a rotating prism that causes it to _
scan, then split into three parts. Each of these sub-beams is focused at the
surface of a photographic plate. Two of the plates contain images of approxi-
mately coincident star fields. The third plate is a Ronchi ruling. The
modulated laser beams are detected by light semsors. The electrical outputs
of the light sensors for the two star plate channels are monitored by image
detectors that determine the presence or absence of a star image in the laser
beam. The outputs of these detectors are two gates: Star Plate 1 Image Gate,
and Star Plate 2 Image Gate. The output of the Ronchi ruling* light sensor
is used for two purposes. The first is to provide a pulse as the beam passes
over each ruling. The position of the beam at any instant may be determined
by counting these pulses. The pulse count is then compared with the occurrence
of a star image gate to locate the image position on the star plate. The
second use of the ruling sensor output is to measure the laser beam intensity.
This is accomplished by detecting the signal when the beam is in the clear
interval between rulings. The signal representing beam intensity is fed to
the two star plate image detectors. This enables them to determine the
Presence or absence of an image on the basis of an absolute modulation index,
or transmittance., In summary, the three basic outputs of the Signal Electronics
are (1) Star Plate 1 Image Gate, (2) Star Plate 2 Image Gate, and (3) Spot

Position Pulses.

* Note: This is the device referred to in the previous sections as the
reticle.
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B. Functional Block Diagram

A more detailed block diagram of the Signal Electronics is shown in
Figure 15. Application of automatic gain control to the photomultiplier
tubes is indicated here, along with the use of a common video level reference
voltage for all three channels. The function of the various blocks will be
discussed with reference to the idealized video and level detector waveforms
shown in Figure 16.

1. Photomultiplier

The photomultiplier tube used in this system is the 1P21. It is supplied
by two dynode bleeder chains; one of which is connected to an intermediate
dynode 6 and the other to the remaining electrodes. This permits gain control
of the tube by varying the voltage on dynode 6. The tubes are operated at
relatively high photocathode currents, yielding signal-to-noise ratios in ex-
cess of 100.

2, Video Amplifier

The video amplifiers are basically wide-band d.c. amplifiers. Their
purpose is to provide a low-impedance, high output current capability repro-

duction of the video voltage at the photomultiplier load resistor.

3. Automatic Gain Control and Video Level Reference

Automatic gain control of the photomultiplier tube output or video level
is required for two primary reasons. They are:

(a) to enable the system to operate within the dynamic range of the
photomultiplier and amplifier, and

(b) to establish a set voltage that represents the "no image" signal or
maximum light transmission.

The considerations that determined the Automatic Gain Control philosophy are

as follows.
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VIDEO LEVEL DETECTOR

MAXIMUM TRANSMISSION
_— i —

AVERAGE VIDEO

L J
(a) (b)

REFERENCE CHANNEL

o o —— o—
- ~—
-

; —— e,

—

INSTANTANEOUS
ILLUMINATION LEVEL

—
o — =
———
—-—

(c) (d)
STAR PLATE |

(e) (f)
STAR PLATE 2

Figure 16: Idealized Waveforms Occurring at Lettered Reference
Points in Figure 15
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The intensity of the laser sub-beams will vary during the scan, roughly
as shown by the dotted maxima lines in Figures 16a, c, and e. The beam
splitter design is such that the relative variation between channels should
be nearly identicél; i.e., the ratio of light intensity between any two
channels should be a given constant at any point in the scan. It would be
very desirable to AGC the photomultiplier tubes so that the nominal output for
"maximum transmission" through the plate is a known, constant voltage through-
out the scan. This could be done for the reference chamnnel, where the signal
is a series of sharp, closely spaced dark areas interspersed with relatively
wide areas of open emulsion (Figure 16a). The character of the video modula-
tion on the star plates, however, is completely random and a large image could
depress its level for an appreciable portion of any given scan. This obviates
direct measurement of the maximum transmission level on a continuous basis
during the scan. Any corrections applied to the instantaneous value of video
must be done essentially open-loop, either by means of a predetermined function
or by using the measured instantaneous peaks in the reference channel. The
latter approach has been chosen and will be discussed under Instantaneous
Illumination ILevel. The Automatic Gain Control action is now determined by
measuring the peak of the dotted maximum transmission curves (whenever it is
present during a scan), and setting the photomultiplier gains so that this
voltage is equal for all three channels. This facilitates implementation of
the image detectors, and will be discussed later. All three Automatic Gain
Control channels are supplied with a Video Level Reference voltage obtained

from a zener reference diode-amplifier source in the reference channel.

4, Instantaneous Illumination Level

The Instantaneous Illumination level voltage is obtained by measuring and
smoothing the voltage level between rulings on the reference channel. This
voltage follows quite accurately the dotted maximum transmission curve and also
represents the maximum transmission curves for the two star plate channels,
within the accuracies of the Automatic Gain Control level and beam splitter.

The Instantaneous Illumination Level voltage provides the threshold for the
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Image Detectors to be discussed next.

5. Image Detectors

The Image Detectors are level detectors (Schmitt triggers) that compare
the video and instantaneous illumination level voltages. When the video falls
below a pre-set percentage of the illumination level, the trigger changes
state. This generates the Star Image Gate (Figure 16d, f).

6. Average Video and Spot Detector

The Average Video Circuits measure the minimum and maximum values of the
modulation on the reference channel, and average them. This voltage is used
as the threshold for the Spot Detector,

The Spot Detector contains a Schmitt trigger that compares the reference
video and average video voltages, and generates spot position gates,
(Figure 16b). These gates are shaped and clipped, resulting in a series of
narrow pulges that denote passage of the spot over the beginning of a bar on

the ruling. These are the Spot Position Pulses.

7. Image Coincidence Counter

The image coincidence counter is a coincidence gate, coupled with a

counting circuit. It is intended to be used as an aid to plate alignment.
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c. Circuit Performance

This section will explain the functions and performance of the prototype
Signal Circuits in somewhat greater detail. A series of oscilloscope photo-
graphs showing system waveforms has been made, with inputs from the experi-
mental scamner. These will be cross-referenced to the detailed functional
block diagrams in Figures 17, 18, and 19. Circuit schematic details will be
added where appropriate. In the following discussion, sections 1 through 3
cover the photomultiplier, video, and Automatic Gain Control circuits. These

"front end" boxes are identical for all three chammels.

1. Photomultiplier Tube and Dynode Bleeder

A 1P21 photomultiplier tube is used as the laser beam sensor in all three
channels. This tube contains a photocathode, nine dynodes, and an anode. The
gain of the tube may be adjusted by varying the high voltage supply, or by
modulating various combinations of dynodes. In this system the high voltage
is varied manually on each tube to set its operating point within the automatic
gain control range. The output is then maintained at precisely the desired
level by the automatic gain control circuits, which modulate the voltage on
dynode 6.

A schematic of the photomultiplier-dynode bleeder circuitry is shown in
Figure 20. It is noted that two dynode bleeder chains are used, one of which
supplies dynode 6 and the other supplies the remaining dynodes. The anode
current is returned to ground through a load resistor located in the preampli-
fier. The signal voltage is developed across this resistor. The curve of
tube gain versus dynode 6 voltage contains maxima and minima (Figure 21).
Therefore, in order to prevent transition or switching type instabilities in
the automatic gain control loop, the voltage range through which dynode 6 is
varied must be restricted to a monotonic portion of this curve. This is
accomplished by means of the two clamping diodes connected between dynode 6

and selected points on the main bleeder. These are normally back-biased.
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A H A" B H Vv
Star Plate Video .5ms/div 1 volt/div Star Plate Video .5ms/div 2 volts/div
Image Detector  .5ms/div 2 volts/div

*""M‘V i '\M"‘"‘*‘W PN

C H A
AGC Level Detector .5ms/div 2 volts/div
Star Plate Video .5ms/div 2 volts/div

Oscilloscope Waveforms Illustrating Figure 17

A H v
Reference Video .5ms/div 1 volt/div

Oscilloscope Waveforms Illustrating Figure 18
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A H \' B H \'
Reference Video .5ms/div 2 volts/div  Spot Position Detector .lms/div 2 v/div
Spot Position Detector .5ms/div 2 v/div Spot Position Pulses .lms/div 5 v/div

Cc H v D H \Y
Reference Video .5ms/div 2 volts/div Negative Scan Gate .5ms/div 5 volts/div
Scan Detector .5ms/div 2 volts/div Positive Scan Gate .5ms/div 5 volts/div

E H v F H v
Reference Video .5ms/div 1 volt/div Reference Video .5ms/div 1 volt/div
Minimum Video Sms/div 1 volt/div Minimum Video .5ms/div 1 volt/div

G H
Reference and Average Video Reference and Instantaneous Peak Video
H--.5ms/div V--1 volt/div H--.5ms/div V--1 volt/div

Oscilloscope Waveforms Illustrating Figure 19
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Figure 20: Photomultiplier and Dynode Bleeders
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Figure 21: 1P21 Photomultiplier Gain Versus Voltage Applied to Dynode 6

41



SIGNAL ELECTRONICS

Their function is to clamp dynode 6 at a potential referenced to the main
bleeder if it is attempted to modulate it beyond the limits of the selected

range.

2. Preamplifier and Video Amplifier

The preamplifier and video amplifier are essentially wide-band d.c.
amplifiers. The preamplifier has a high input impedance to avoid loading
effects on the photomultiplier load resistor. 1Its output impedance and
current capability permit it to drive the cable connecting the photomultiplier
assembly to the console containing the remainder of the electronics. The video
amplifier provides a very low impedance, high current capability source of
voltage, This 18 required to obtain maximum speed and accuracy from the image

detectors.

3. Automatic Gain Control Circuits

The forward loop of the Automatic Gain Control circuits consists of the
photomultiplier, preamplifier, and video amplifier. The feedback loop is im-
plemented by the peak video detector, integrator gate, error integrator, auto-
matic bias control, Automatic Gain Control amplifier, and shunt regulator.

The operation of each element of the feedback loop is as follows.

a. Peak Video Detector

This is a level detector, or Schmitt trigger. The inputs are the video
voltage, and the video level reference voltage. Whenever the video voltage
exceeds the reference voltage, the trigger output changes state. This initiates

corrective action in the Automatic Gain Control loop.

b. Integrator Gate

The integrator gate functions as a buffer between the peak video detector
and the integrator gate. When the detector is switched, indicating high video,
it drives a pre-set amount of current into the integrator. When the detector

is not operated, it appears as an open circuit to the integrator input. This
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permits the integrator to act as a holding circuit when there is no video error

input.

C. Error Integrator

The error integrator is an operational amplifier with capacitive feedback.
It has two inputs. One is the error gate from the integrator gate. The other
is a bias, or Mrun-down” current. The bias current is adjusted so that the
Automatic Gain Control level will decrease at a given rate. This sets the
maximum rate at which the Automatic Gain Control will follow video that is
decreasing in peak value. The maximum rate at which the Automatic Gain Control
level will increase is set by the current from the integrator gate. This sets

the slewing rate of the Automatic Gain Control integrator.

d. Automatic Bias Control

The automatic bias control circuit has two functions. They are (1) to
extend the dynamic range of the error integrator, and (2) to provide low pass
filtering for the automatic gain control loop.

The automatic gain control action in this system is obtained by regulating
the voltage on dynode 6, as previously explained. This is done by comparing
the current from a feedback resistor from dynode 6 with the current from the
automatic gain control circuits. The automatic gain control range indicated
on Figure 21 is for dynode 6 voltages between -400 and -425 volts. This means
that the automatic gain control input current will consist of a large bias
component (to obtain -400 volts) plus a small signal current. This dynamic

range is difficult to obtain in practice with a simple integrator.

The automatic bias control circuit, connected to the output of the inte-
grator, supplies the bias component of the automatic gain control voltage. It
does this by measuring the error integrator output and comparing it with a
reference voltage. If the integrator output is offset from the reference, the

bias will change gradually until the integrator is operating in the center of
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its range. By this means, the integrator dynamic range may be utilized to
furnish only the small signal portion of the total automatic gain control

current,

The automatic bias control circuit is also an effective low pass filter.
This action smooths the rapid changes in integrator output that occur when the

automatic gain control error detector switches on the video peaks.

e. Automatic Gain Control Amplifier and Shunt Regulator

The automatic gain control amplifier is a high gain operational amplifier
that sums the automatic gain control input and dynode 6 feedback currents. Its
output drives the shunt regulator. This is a high voltage, small signal PNP
transistor. The collector of the shunt regulator is connected to an inter-
mediate point on the dynode 6 bleeder chain. The shunt regulator drives the

voltage at dynode 6 over the required automatic gain control range.

4., Image Level Detector and Line Driver

The image level detector is a fast Schmitt trigger. It compares the
output of the star plate video amplifier with the instantaneous peak video
voltage. Whenever the video modulation is greater than a pre-set percentage
of the reference channel peak video, the detector signals the presence of an

image on the plate.

Since the output current capability of the image detector is limited, a
buffer or line driver is used between it and the interface equipment. As many

as three line drivers may be comnected to one trigger.

The preceding sections have dealt with the star plate channel electronics.
These circuits also comprise the video and automatic gain control portion of
the reference channel. The following sections will discuss the pulse and data

circuits in the reference channel.
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5. Spot Position Detector

The spot position detector is a fast Schmitt trigger identical to the
image detectors in the star plate channels. Its inputs are the reference
channel video and the average video voltage. The average video is internally
generated in the reference channel, and represents the point midway between
the peaks of the video "comb" generated by the Ronchi ruling. The spot
position detector triggers when the video modulation is greater than the
average video voltage. This generates a gate equal to the half-height width
of the teeth in the video comb.

6. Pulse Generator, Clipper and lLevel, and Line Driver

The pulse generator is fed by the spot position detector output. It is a
transistor with an inductor for a collector load. Very sharp pulses of opposite
polarity are generated across the inductor at turn-on and turn-off of the spot
detector. The clipping and level circuit clips off the negative pulses and
sets the level of the positive pulses down from the collector potential to d.c.
The line driver is a buffer which provides a spot position pulse output with

high current capability.

7. Scan Detector and Scan Gate Generator

The scan detector is a Schmitt trigger. 1Its purpose is to detect the
beginning and end of the laser beam motion across the Ronchi ruling. Its
inputs are the reference channel video and a fixed bias voltage. The threshold
of the scan detector is set midway between zero output (no light) and the bot-
tom of the reference video comb. This generates a gate that begins when the
video indicates the presence of the beam and ends when the video again falls

to zero at the end of the ruling.

The scan gate generator is fed from the scan detector. It generates
positive and negative (scan and not scan) gates. These gates are used as

control signals.
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8. Average Video Circuits

The average value of the reference video voltage is used as the bias
input to the spot position detector. This voltage is obtained by detecting
the maximum and minimum values of the reference video comb, filtering, and

combining them to obtain the arithmetic mean.

The maximum signal is obtained as follows: An analog switch, gated by
the scan gate, passes video during the interval that the beam is scanning the
Ronchi ruling. The gated video is peak detected and filtered by a data-holding
circuit with a relatively short time constant. The time constant is chosen to
permit the peak video to follow variations in the beam intensity during the
scan., The maximum signal value is clamped to a predetermined value between
scans by the synchronized clamp. This minimizes the transient that occurs at
the beginning of the scan. The minimum signal is obtained in an analogous

manner,

The filtered maximum and minimum signals are combined in an amplifier
with a gain of one~-half. The resulting output is therefore the average of the

two voltages. This is used as the threshold for the spot position detector.

9. Instantaneous Peak Video

An important function of the reference channel is to provide an output
that accurately represents the instantaneous laser beam intensity. This is

accomplished by the instantaneous peak video amplifier.

The output of the maximum signal detector is an accurate reproduction
of the reference video peaks, with a shift to d.c. level due to a series of
uncompensated base-emitter voltages in the circuitry. This difference in level
is measured by a level detector that compares the output of the instantaneous
peak video amplifier with the video voltage. If the video peaks exceed the
instantaneous value, the detector triggers and charges a data hold in the auto-

matic level control circuits. The output of the automatic level control is
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fed to the instantaneous peak video amplifier, increasing its effective d.c.
offset. This feedback loop maintains a very tight control on the level of the

measured video peaks.
The instantaneous peak video voltage, which accurately represents the

laser beam intensity, is used as the threshold voltage for the image detectors

in the star plate data channels.
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D. er ta igplays

Two experimental displays have been constructed, utilizing standard
laboratory oscilloscopes as indicators. A functional block diagram of these
displays is shown in Figure 22. One uses a storage tube to present a magnified
replica of an area on the star plate as seen by the laser beam. This is ac-
complished by providing a raster scan for the picture format, and intensity
modulating the electron beam with the image detector transitions. The spot
position pulses from the Ronchi ruling may be superimposed on the display to
provide a reference scale. Figure 22A shows a typical stored image, with the
scale indicated in the center. The second display uses a linear horizontal
sweep, with the video voltage from a star plate channel on the vertical
channel. The display is intensity modulated by the image level detector. A
photograph of this display is shown in Figure 22B. The following sections

discuss the functions of the blocks in Figure 22 in greater detail.

1. Star Plate Image Display

The star plate image display shows a "picture" of a small area on the
star plate as seen by the image detector. This is essentially a plot of an
isophot, or equal image density contour, for any given detector level setting.
The display requires three signals, two to generate the raster scan, and one

to intensity modulate the storage tube. These signals are:

(a) horizontal sweep--generated in the scope and triggered manually,
(b) vertical sweep--scan gated, and

(¢) intensity modulation--amplified image detector output.

The functions of the blocks in this display are as follows:

Video/Sweep and Video/Sweep Delay Multivibrator

These are two adjustable duration one shots. The delay multivibrator
determines the beginning of the vertical sweep. It may be set to occur at
any desired time after the scan detector operates. The video-sweep multi-

vibrator determines the total duration of the sweep, and may be adjusted to
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Star Plate Video Display Image Detector
Intensity Modulation Trigger Setting
407 transmission

A
Star Plate Image Display c H v
Oscilloscope Storage Tube Scan Detector .5ms/div 2 volts/div

Reference Ruling Spacing, 100 Microns Neg. Video/Sweep Gate .5ms/div 10 v/div

D H v E H v
Neg. Video/Sweep Gate .5ms/div 10 v/div High Level Video .5ms/div 10 veolts/div
Gated Sweep .5ms/div 2 volts/div (no scale pulses)

F H v G H v
High Level Video .5ms/div 10 volts/div Neg. Video/Sweep Gate .5ms/div 10 v/div
(with scale pulses) Scan Zero Gate .5ms/div 10 volts/div

Oscilloscope Waveforms Illustrating Figure 22
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cover any portion of the scan. It is also triggered by the scan detector.

Video/Sweep Gate Generator

The video/sweep gate generator is a pulse coincidence circuit and gate
generator. It generates gates of both polarities. The gates occur in the
interval between the end of the delay one-shot period and the end of the video/
sweep one-shot period. The video/sweep gates are the basic control waveforms

for the sweep and video unblanking circuits.

Gated Sweep

The gated sweep is essentially a clamped integrator that generates a
triangular waveform. The sweep duration is controlled by the video/sweep gate,
and the retrace time depends on the current sink capability of the gating
circuits. The sweep is applied to the vertical amplifier of the storage

oscilloscope.

Scale Multivibrator

The scale multivibrator is an adjustable period one-shot. It is triggered
by the spot position pulses. The output pulse width of the scale multivibrator
is adjusted to provide the desired line width for the scale on the display.

Video Inverter

The video inverter acts as a summer for the image detector signals and the

scale multivibrator output, It is used to drive the high level video amplifier.

High Level Video Amplifier

The high level video amplifier provides the z axis modulation for the
storage oscilloscope. It is a gated amplifier with a gain of ten. The signal
input is the mixed Image detector video, scale multivibrator signal from the

video inverter. The control signals are the video/sweep gate and the scan
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zero gate. Both gates must be present to permit the amplifier to operate.

Scan Zero Delay and Scan Zero Multivibrators

These two multivibrators are variable~-length one-shots. They are used to
provide a gate that will select one of the eight scans generated for each scan
prism rotation. The scan zero delay multivibrator is triggered by the zero
pulse from a shaft angle encoder on the scan prism drive shaft. The scan zero
multivibrator is triggered by the trailing edge of the scan zero delay pulse.
The scan zero gate length is therefore equal to the scan zero multivibrator
output pulse length, and its position with respect to the scan is determined
by the delay multivibrator setting., The scan zero gate is somewhat longef

than the sweep/video gate, and is set so that it brackets the chosen scan.

2. Scan Video-Image Trigger Dispaly

The primary purpose of this display is to provide a convenient method of
monitoring the image detector threshold setting. It may also be used to
observe the quality of the star plate video signal. The display requizes
three signals:

(a) trigger--used to initiate the horizontal sweep--obtained from
the scan encoder zero trigger,

(b) video--vertical channel signal--obtained from the star plate
video amplifier, and

(c) detector video--z axis modulation--derived from the star plate
image detector.
The trigger and video signals are self-explanatory. The detector video is

obtained as follows.

High Level Video Amplifier

The purpose of the high level video amplifier is to amplify the star plate
image detector output, This signal is applied to the z axis input of the
display scope. The resulting display is a trace of the video waveform with
the peaks of the star pulses intensified. The level at which the intensifica-

tion begins and ends is the image detector threshold setting.
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IV,’ MECHANICAL CONFIGURATION OF STAR PIATE SCANNING MACHINE

The machine on which the scamming of the star plates occurs serves three
basic functions;
(1) to provide lead screws for accurate measurement of distances on
orthogonal coordinates,

(2) to provide accurate ways for planar motion along accurately ortho-
gonal coordinates, and

(3) to provide support for the star plates and the optical scanning
system,

An overall view of the measuring machine with the scanning head mounted on

it is shown in Figure 23.

A. The Measuring Machine

The measuring machine is the x and y coordinate measuring portion of the
Moore Measuring Machine Model #3, modified to suit the 14 inch measurement
travel requirements. The standard machine has 18 inches of x travel, but only
11 inches of travel in the y direction. The machine was modified to accommo-
date the longer travel, and a longer lead screw was substituted for the standard
lead screw. Both lead screws are of three millimeters per revolution pitch,
and are driven by three speed synchronous motors. The instantaneous positions
of the two lead screws are reported by identical shaft encoders. These
encoders give 3000 equally spaced pulses per revolution of the lead screws,
plus a reference pulse once pér revolution. Connected to suitable counters,
they will indicate the position of the star plate holder carriage to one
micron accuracy. The maximum speed of carriage movement, at which the manu-
facturer will guarantee accuracy is six millimeters per second. Measurements
must be made in one direction of carriage travel only. The drive motors
provide continuous motion along the x axis for measurement and carriage
return, and stepwise motion along the y axis after each x axis traverse has
been completed. Each step along the y axis is the nominal length of the
optical scan, or 20 millimeters. Eighteen steps will be needed to scan the

360 millimeter plate. The drive motors have three windings for three speeds.
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Figure 23: Proper Motion Survey Machine
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The three motor speeds, when passed through a gear reducer, result in x axis
star plate motions of 6 millimeters per second, 3 millimeters per second,

and 1.5 millimeters per second.
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B. The Optical Scanmning System Mechanical Configuration

The structure supporting the optical scamming system is a casting
mounted on the column at the rear of the measuring machine. A center arm
projects between the star plates. This center arm supports the converging
lens #1, the rotating scanning system, the scan separator prism cluster, the
reference reticle, and the motor driven focusing mounts for the converging
lens #1 and the reticle. Two other arms project from the column; one over
the top of the upper star plate, and one below the lower star plate. These
two arms hold the light collection systems for the upper and lower plates, and
return the light to the housing after it passes through each of the two star
plates. The adjustable apertures and photomultipliers for both star plates
and the reticle are all located within the casting, receiving light from the
hollow tubes of the yoke assembly. The helium-neon gas laser is also housed
within the casting. Focusing the optical system is accomplished by the
following controls: (1) converging lens #1 is focused by the slow speed
threaded mount holding the lens and driven by a small reversible motor,

(2) the reticle is physically moved along an axis normal to the measuring
plane, and (3) the three arm yoke is tilted slightly on a flat spring pivot
located parallel to the x axis and on the edge of the casting nearest the star
plates. This action changes the relative position of the scanning head and
the two star plates. This adjustment may be either by handwheel or remotely
by motor. 1In all three cases, the final judgement of best focus is the appear-
ance of the signal trace on the oscilloscope. All motor controlled motions
will be provided with limit switches.
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c. X and Y Control Systems

The electromechanical motion control systems are shown in Figure 24.
The system for control of the table is the x axis control and is used for
scanning and carriage return. The cross slide control is the stepwise motion
for y axis. The motor-clutch combination provides the stepping motion; the
second motor provides the slewing for return to the original or "home" position.
The "lock" is an electrically actuated clamp to maintain the y position during

an x traverse.

D. Plate Al@ggment Controls

Before the measurement of the pair of star plates begins, the fixed sfars
on the two plates must be aligned as nearly as possible. This alignment can
involve both rotational and translational relative displacements between the
two plates. The drive systems needed for these adjustments are shown in
Figure 25, In the star plate scanning machine, the translational adjustments
are provided by remote control of the stepper motors on the orthogonal dis-
placement controls on the lower plate. Rotational displacement is provided
by a remote control of a stepper motor rotating the upper star plate holder
in its housing. The controls for these motors, the focusing motors, the scan

and stepwise y axis motors are all located at the control console.
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E. A Measurement Laboratory Arrangement

A tentative arrangement of the equipment necessary to execute the first
step in the proper motion measurement, that of transferring the star plate
measurements onto two tapes, one for each star plate, is shown in Figure 26,
The scanning machine will be located in a separate room with extensive pro-
visions for mainthining a clean, temperature and humidity stable enviromment,
During actual operation, human intervention will be needed only in changing
star plates. All other routine operations, such as plate alignment, initiate
and stop the scanning, and focusing, will be done by remote control from the
console, with visual monitoring of results by means of magnified star plate
displays, meters, and other devices. It is expected that forced air cooling
will be required for the tape units and associated electronics in the control

room as well.

F. Accufaqy of Measuring Mabthine

The foundation of the accuracy of the scanning systems rests primarily on
the accuracy of the measuring machine. The specifications for this accuracy

are as follows:

Table travel (x axis) accuracy:
Greatest error in any one inch: 0.38 micron

Greatest error in entire motion: 2,00 microns

Cross slide (y axis) acéuracy:

Greatest error in entire motion: 2.00 microns

Geometry of machine:
Orthogonality of x-y axes: 0.51 micron in 10" x 10" travel
Straightness of table travel: 0.64 micron

Straightness of cross slide travel: 0.64 micron
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V. DATA COLLECTION AND REDUCTION

The Automatic Proper Motion Survey as presently conceived will be a two
step operation, that is, data will be collected by a hybrid system involving
high speed core memory and magnetic tape units, and the data will be processed
later on a high speed digital computer; possibly the University of Minnesota
Control Data Corporation 6600 Computer. The primary reason for not operating
on line with a high speed computer was the inefficient use made of the computer
time resulting in high cost per computation. This inefficiency arises from
the time required to remove one set of star plates and to mount and align
another set while still connected to the computer, as well as the time required
to return the carriage from the end of a stripe. The following are descriptions
of the various stages of the operating system. The steps set forth for pro-
gramning for the high speed digital computer are tentative.

A, Data Format

Before considering the system for the proper motion survey, some termi-
nology and the data format will be defined. As now defined, the machine will
scan the pair of plates in several strips, where each strip will now be
defined as a "stripe'. The distance from the edge of the plate to the bottom
of a given stripe is defined as Ys' Hence, during any stripe, this measure-
ment shall be a constant. Figure 27, then, goes one step farther by showing
the scanning within the stripe. Only one image is used for clarity. The
stripe will be approximately two centimeters in height with the length of a
plate being 356 millimeters. The laser beam will be moved from bottom to top
by a rotating prism. The distance between each scan Ax shall be a fixed known
quantity, and hence defined within the computer program.

In actuality, the scan beam is tilted due to the continuous motion on the
x-axis lead screw. However, this will be corrected within the program. When
the beam intercepts an image on the star plate, a "transit” occurs. For this
transit we need to know the x and y coordinates of the beginning of transit
of the image, and the duration of the transit. The beginning is called
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Figure 27: Typical Transit in Stripe

"ingress” and the end called "egress”. At ingress, the x measurement from
the beginning of the stripe and the y measurement from the bottom edge of the
stripe are created. At egress, Ay is created, a measure of the duration of
the transit or width of image. Table I gives a summary of all the measure-
ments discussed above and the number of bits necessary to give a one micron

accuracy for each,

After many discussions on data format, the following operational require-
ments were devised: Before the scamming of a stripe is commenced, a request
will be sent to the star plate interface for the present value of Ys, since
this is constant for the entire stripe. The operator will control the begin-
ning of scanning for each stripe. It has been suggested, for ease and
increased speed in programming, that there be some simple way to detect the
transition from one scan to the next. Therefore, at the beginning of each scan

the quantity x shall be written and remain the same for all transits within
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that scan. The bit which denotes the x measure for a transit shall be the
uppermost bit (a one) of the data word for branching on the sign (0 = + and
1 = -) within the computer program. Ys and x measurements come from the
respective lead screw, therefore, each lead screw shall have a 3000 count

per revolution angle encoder plus an 8-bit revolution counter.

TABIE I
SUMMARY DESCRIPTION OF DATA WORDS

Symbol Description Number of Bits

Y Distance from edge of plate to bottom 20
of stripe--8-bit revolution counter
3000 count/revolution angle encoder

y Width of transit = 1 millimeter or less 10

y Distance from bottom of stripe to 15
beginning of transit

Ax Distance between each scan -
(center to center)

x Distance from end of stripe to beginning 20
of transit--8-bit revolution counter
12-bit angle encoder

The layout of the data format as it will be on magnetic tape is shown in
Figure 28. Thus, for each transit a data word of 30 bits is created. Ys will
be contained in an identification record which precedes the data from the
stripe. Code

y 5y
ﬁooo 15 gits 10 bits

(a) Word Format for Transit

Code

1000000000 x 20 bits

(b) Word Format for x Value

Figure 28: Data Format (30-bit word)
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B. Data Collection System and Data Rates

A diagram of the data collection system for one plate is shown in
Figure 29. The two registers before the core memory act as a buffer to slow
down the data rate for writing into core memory. The core memory presently
being considered has a write time of 1.24us, but data can come at peak rates
of one transit every lus. Hence, these two primary flip-flop holding
registers will give sufficient delay to the data rate for storage to occur
without losing any data (i.e., overflow). As the data for a transit enters
the first holding register, the tag (a 0) is put in the upper bit to denote a
transit. This tag, plus y and Ay, are then stored in core memory. From here,
data is read out of core, reformatted to 30 bits (as shown previously in ‘
Figure 28) and written on magnetic tape. Using a standard Control Data 607
Magnetic Tape Unit 556 bits per inch, 150 inches per second, 7 channels), the
system can write a 30-bit word every 60us. Hence, the ultimate factor in deter-
mined data rates is how fast the magnetic tape can accept data. We will now

congider this.

Again, let us assume a Control Data 607 magnetic tape transport which has
a recording density of 556 bits per inch (frames per inches--frame = six bits
and parity and a tape speed of 150 inches per second. This results in a 30-bit
data word written in 60us. If we then assume a record (block of data) of 1024
data words, this uses 9.21 inches of tape plus 3/4 inch for record gap. The
total time required to write this block is 6.62 x 10-2 seconds. Dividing this
into 1024 data words, 1.55 x 104 data words can be written on magnetic tape
in one second. The three scanning speeds of the plate machine are 1200, 600,
and 300 scans per second. Each time a scan begins, an x data word is generated.
However, these occur at a fixed, predetermined rate. Subtracting the x rate
(or scan rate) from the data words per second, the remaining is the number of
transits per second the tape can accept. This can be broken down into transits
per scan. The results are shown in Table II.
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TABLE I1

TRANSITS PER SCAN RATE FOR MAGNETIC TAPE AS A FUNCTION OF SCAN RATE

Scans Per Second

Transits Per Scan

1200 11.9

600 24,8

300 50.7
Data

Register #2

26 bits

Register #1

Core

Memory

26 bits

!

2048-
26 bit words

'

30 bits

Tape Data Register

Figure 29: Data Collection System for One Plate
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C. Complete Data Processing Program

In order to understand how data from the star plate scanner data tapes
will be handled, a flow diagram showing a tentative method is given in

Figure 30, and discussed below.

Processing will begin by reading in blocks of data for each plate. The
images are then constructed from this data (explained in Appendix B). Having
formed all images from both plates, the matching process is initiated over small
subsections of each stripe. These subsections are chosen so that they each
contain approximately 1000 stars. All stars are matched except perhaps those
appearing at the edge of a subsection., These may not match with anything from
the other plate because the two subsections are not precisely lined up. Again,
if troublesome star pairs appear (difficult to match pairs), they will be
temporarily set aside and only those which agree very well will be used to
compute a new set of misalignment parameters. Any pairs which are separated
by more than some preassigned value (undergone some proper motion) are not

used in this computation. These new misalignment parameters are a rotationm,
a stretch in two dimensions, and a translation in two dimensions. These para-
meters will be applied mathematically to the stars from the older plate to
bring them into coincidence with the images from the new plate. Now the proper
-motion stars (motions larger than some predetermined small value) can easily
be picked out of the collection of all plate stars. Motion stars are then
written on a magnetic tape along with all pertinent information such as plate,

celestial coordinates, and the magnitude and direction of motion.
Completing one subsection, the program moves on to the next until the

complete plate has been considered. A detailed description of the proper

motion problem and a method of solution follows.
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S

Input data and
form images for

one stripe

Match star pairs from
plate to plate over area
with 1000 star pairs
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wei}

Compute a new get of

misalignment
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to all images
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stars

Figure 30: Data Handling--Proper Motion Machine
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Figure 30 (concluded)
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D. Plate Alignment

let the vectors V, U be the position of a pair of corresponding stars
from the newer plate and older plate respectively. Suppose we are able to
rotate and translate the older plate in order to align the two stars by a
AU + f, where

sin 0 bl
B =
cos 6) ? (b2>

where 6 is a rotation angle and bl, b2 are translations in two orthogonal -

transformation of the form V

cos
- gin

D D

directions to be applied to the U coordinate system in order to bring the
vectors U and V into coincidence (no amount of plate adjustment will compen-
sate for a misalignment due to stretching, this will be taken care of mathe-
matically after initial alignment.) See Figure 31. Given a set of Vi vectors
and their mates Ui’ i=1,2, ..., N, N stars from each plate, find the angle
6 and the two translation parameters b1 and b2 in order to best align the two
plates (all motion as defined here will be applied to plate U, if not, use
same magnitudes but change signs and apply to plate V). Note that we only need
a single pair of stars in order to find these three parameters, and that if
more than one pair is used, there will be no unique solution since the system
of equations is overdetermined. For this reason we may consider only a "best"

alignment in some sense; in this case, we will choose the least squares sense.

- cos © sin 0 _ by
V= U+
- 8in 6 cos O b2
We may further assume 0 is small, say I 8 | < 1/2 degree, then

sin 6 ¥ 9, cos 6 ¥ 1

and
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_ 1 6} _ b1
Ve U +
-6 1 b2
vi = ul + 9u2 + b1 v2 = - Gul 4-u2 4-b2
or v1 -u = u2 e 4-b1
v, ~u, = - u, 0 4+ b
2 2 1 2
Y
d
u, 1 0
d = CW where C is the 2 x 3 matrix
uy 0 1
8
and W = b1
b

Each star and its mate will produce a vector E; and a matrix c,. These will
be arranged in the vector D and the matrix C as

Al
0

1 1
p=| % | =cw=| ©2 W
- C
dN N
(2N x 1) (INx3)3x1)

The least squares best solution is given by

w=TcoylcTo
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Note that CT C is a 3 x 3 symmetric matrix of the form,

N
) 2

i=1
N

= Z %ﬁﬂ
i=1

N

'Z Hﬁﬁ
i=1

This may be written

-~ a+b

cIcea-=

N
o, M, § oWz T @2
i=1

o

[+

b= Z uz(j')2

1 o0
0 1
1 0
o 1
1 o0
0 1

N
with a = -Z \.11(].')2 s
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The determinant
p=N(-a+b) - N@2 + b2

and the inverse may be written

N2 - Nb Na
A-1=% -Mb N(-a+b)-a’ - ab
2
Na - ab N(- a+Db) - b
The inverse is well defined except where p = 0.
2, .2 !
N’(- a +b) - N(a2 +b%) = 0

Nb - b2 = a2 - Na

a<o
b>0

N>0

We have been able to write the inverse of CT C as a function of the sums
a and b and the number of star pairs N. A simple check of the quantities
Nb - b2 and a2 - Na will indicate the condition of the inverse. Note that if
the Ul(i) and Uz(i) are near 1, the sums a and b are near N and all the
elements of the inverse are of approximately the same size. We will choose

the units then according to this criteria.
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E. Proper Motion Calculations

Let the proper motion of the ith star be given by the product of a scalar
and a direction vector €; di’ Then if the star plates have been perfectly
aligned, the relation between a vector to the same star on the two plates
(U plane will be the earlier or older plate, V plane will be the new plate) is

+ e.d, i=1, 2, ..., N (N star pairs) (1)

However, because the two plates may be misaligned, we may state only that we
are able to account for this misadjustment by some transformation of the
coordinates of one plate to the coordinates of the other. In general, this
transformation may take almost any form, however, for physical reasons, we may
assume it to be linear and consist of a combination of a stretch, rotation, and
translation. Let the stretch-rotation transformation be given by the 2 x 2
matrix A, and the translation be given by the 2 x 1 vector b. Then applying
these to Equation (1), we have

Vi = A(’ﬁk + eiﬁi) +b 2)
Now given N corresponding vectors from the two plates we see that there will
beAZN + 6 unknown quantities involved, 4 from A, 2 from b, and 2 from each
3191' Suppose, however, that we attempt to solve Equation (2) by setEing
eidi = 0 and find A’,‘E’. Then we solve (2) for the proper motion eidi’
i=1, 2, ..., N. Next, we temporarily discard those star pairs which appear
to have large proper motions and use the remaining pairs to recompute A, and
b. This process may be repeated if necessary until the eiai stabilize

(hopefully after two iterations). The parameters of interest then are

By = I €5 I
d

ei = tan-l .a.ZL.
11

75



DATA REDUCTION

A method for testing the above procedure may be considered. Generate a
set of vectors ﬁ;, i=1, 2, ..., N. Choose a reasonable value for ¢, say
the largest proper motion anticipated. Select a set of proper motions for
approximately 1/8 of the star pairs. Choose some A and 3; and form the

vectors V; where

~
[ s o—

V, =A@, +d) +b i=1, 2, e, N.

Set eidi = 0 and solve for A, b. Find eidi for i =1, 2, ..., N and compare
with the known proper motion assigned. Note

V, = AT, + B, +A(e,d)
ed =AlF - 45 -5 =alF -7 - T
i'i i i i i

where A-l is A inverse. Provide an option to continue the process and compare
successive motions. Stop the iterative process when the proper motions

stabilize,
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VI, TESTS AND MEASUREMENTS USING EXPERIMENTAL TEST MODEL

This section presents results of measurements of the performance of
optical and electronic components and systems using the engineering test model.
These measurements form the basis for the parameters used in the final design

of the scamming instrument and the signal electronmics.

A. Effect of Closing Aperture on Resolution of System

The purpose of this measurement was to evaluate the effect of aperture
size change on the signal-to-noise ratio of the video output. The area
scanned was on "old" duplicate "red" plate P322; this region was known as
"Selected Area 57". It was chosen for this study because the stars in this
region have accurately documented magnitudes; one of the stars measured was
listed as g 20.0.in the photoelectric and visual ranges. In addition to
testing whether or not the scanning system can detect a faint star, the effect
on the storage tube oscilloscope display of change in the threshold setting
shows in the shape of the images of bright stars. The threshold control is a
hand-set control which sets the percentage of the illumination level at which
the image detector trigger changes state, as discussed in Section III.B.5.

The plate used was a "red" plate duplicate. A 10.5 power microphotograph
of the section scanned is shown in Figure 32 with the scan path indicated. A
higher power photomicrograph of the o, = 20 star is included to describe the

image and grain structure of the plate.

The oscillograms produced by this scan are shown in Figure 33. The
oscillograms labeled A were made with the aperture diameter opened wider than
the effective width of the photocathode of the 1P21 photomultiplier; hence,
both the effective spot size and shape were determined by the photocathode
rather than the aperture. Since the sensitivity of the photocathode varies
with position on the photocathode, predicting the spot size and shape in this
aperture setting is difficult. The lower trace is an expanded sweep showing

the m = 20 star trace in detail. Note that in the upper trace the star
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tie . Om‘;:zo.g'k
[ ] ‘ 2 ;
_ : PATH OF
: . SCAN
‘ ,. : = > >
i .
g I00 MICRONS s

=% . . . J.«}1 - .
B. 275 x magnification of the 20" magnitude star in the scan

Figure 32: Photomicrographs of SA57 From Plate P322. The coordinates
of the ninth photographic magnitude star are: 13 hours,
6.2 minutes right ascension 1950, and 29 39' declination
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B. Effect of Changing Threshold Level of Image Detector on Number and Shape
of Star Images Detected

The purpose of this measurement was to find a threshold setting at which
stars of highest magnitude number could be reliably detected without including
photographic grain and stars of higher mangitude within the detection limits.

The area selected for scanning was the same as the area used for the pre-
vious measurement--SA57. 1In this case, the stars detected were displayed on
the screen of the storage oscilloscope. A microphotograph of the area is shown

in Figure 34 with the specific area scanned outlined in black.

Photographs of the display of the star field for various threshold level
settings are shown in Figure 35. The threshold level settings are expressed
as the percentage of transmission of light less than plate fog level. The
lower level, 30 percent, was chosen as being the level at which the m, = 20
star could first be detected; no photographs were taken beyond 55 percent
because the number of detected targets that were not usable stars was very

large beyond the 55 percent level setting.

Comparison of the mp = 9,0 star in Figures 32 and 34 with the images of
this star in Figure 35 show that the apparent shape of the bright star changes
as the trheshold level changes. This, as well as many observations on other
plates, indicates the value of a threshold level setting of 35 percent to 45
percent for a practical balance between reliability of detection of plate
limit stars and detection of excessive numbers of fainter stars and grain

clusters.
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m = 15.0 appears to produce less change in transmission than the smaller star
images. This is due to the fact that the scan path did not pass directly
through the center of the image, but grazed one side. The lower trace shows
the m = 20 star on an expanded scale with 100 micron reference markers from

the reticle superimposed on the lower trace.

The oscillograms labelled B show the comparative traces with the aperture
diameter at its smallest opening. Calculations based on the curves of
Appendix A and Figure 6 indicate an effective spot diameter of about 22
microns. Note that changing the aperture size produces several important
effects. They are:

(1) increasing the percentage of transmission change for the faint stars

with reference to the average fog level, and

(2) increasing the percentage of transmission of the average fog level.

This is the result of the Automatic Gain Control using the peaks of the video
signal for reference. With the increase in resolution, the peaks of the grain
noise show a wider deviation from the average noise. This results in a depres-
sion of the average grain noise from the maximum transmission level. This, in
effect, offsets the advantage of higher resolution obtained when the aperture

is closed down.

Thus, with automatic gain control referenced to the peak of the grain
noise, increased resolution produces little improvement in signal-to-noise
ratio. However, this property of the system can be improved by using a time
based average grain noise as a reference for the automatic gain control. Work

on such an automatic gain control reference is now in progress.
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Figure 34: Region of SA57 Used in Evaluating the Effect of Altering
the Threshold Level Control. Area displayed in storage
tube photographs of Figure 35 outlined in black

82




TESTS AND MEASUREMENTS

9]
S

[N
Q. O

- 22 (Q




i
|

TESTS AND MEASUREMENTS

C. Concluding Remarks

The investigations of design parameters of the Automatic Star Proper

Motion Scamning System have shown that:

(1)

(2)

3)

4)

The laser beam-octagonal prism microdensitometer has sufficient
resolution to detect images of stars of twentieth magnitude in the
present Natiomal Geographic-nount Palomar Observatory Sky Survey
star plates,

Analog signal processing electronics have been designed and fabri-
cated to present the star plate measurements to digital data proces-
sing equipment in a form such that the data processing equipment can
detect and document stellar proper motionms.

The design of the Automatic Proper Motion Scanning Machine is
complete, based on the results of investigations described in this
report.

The design philosophy of the data processing system centered around
a two stage operation--measurement to magnetic tape, and magnetic
tape to computer and documentation has been worked out.
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APPENDIX A
THE EFFECT OF SCAN SPOT SIZE ON IMAGE RESOLUTION

The star plate comparator may be characterized as a multichannel scanning
microdensitometer. As such, it is to be expected that the resolving power of
the system will depend critically on the effective size of the scan spot
relative to the size of the smaller star images. A highly simplified analysis
of the interaction between the scan spot and the image is presented below.

The goals are twofold. First, a model is to be developed which can be used to
estimate spot size from the experimentally observed interaction of the scan

spot with a set of images of known characteristics. Second, the general changes
in star image transmittance profiles introduced by the use of a scan spot of

finite size are to be predicted approximately.,

Two major simplifying assumptions have been made., All diffraction effects
have been neglected. This would be a serious defect if it were important to
match the fine detail of the image profiles obtained with the scanner against
those found in this analysis. However, only the general limitations imposed
by finite spot size are required here. The mathematical simplifications which
result from the use of a first order model without diffraction make it possible
to investigate a large number of cases at relatively little cost. The addi-
tional assumption is that the scan spot corresponds to a flat field of illumi-
nation. This is probably satisfied quite well since the optical collection
system in the scanner looks only at the center portion of the total laser beam

striking the star plate.

To the unaided eye, the stellar images on plates taken with the 48-inch
Schmidt camera at the Palomar Observatory appear both sharp and circular over
the entire field of view; this is one of the great advantages of this telescope.
However, on a magnified scale, the individual images are 'blurred™ over a

finite region by the astronomical seeing. The grain density distribution in
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*
the images of faint stars is probably two-dimensional Gaussian (on a scale
which is large compared with the size of the individual grains). The trans-

mittance T is related to the local grain density G by the relation

1 1
Slogg=6 (A-1)

where a is the average grain cross section. The transmittance profile of a

faint star image on an original plate is thus probably of the form

2,,2
.a(Goe-r /20 + G

T(x) = e B (A-2)

where Go is the central grain density of the image alone, G_ is the 'fog"

level density due to the overall background illumination othhe night sky, and
r is the distance from the center of the image (a circular image is postulated).
Equation (A-2) is further complicated in the case of brighter stars where
photographic saturation is encountered or in the case of images on duplicate

plates where two or more additional photographic processes are involved.

On a still finer scale, the images are simply collections of exposed
photographic grains. Investigation on this level (resolution sharper than
two or three microns) would result in a wildly discontinuous transmittance
as the image is scanned--at least for faint images or near the edges of bright
images. In any event, the profiles of actual photographic star images are
quite complex and difficult to characterize. Indeed, the experimental infor-
mation available** for the transmittance characteristics of these images was

itself obtained with a densitometer employing a spot of finite size (30 microns

* Edward J. Farrell, "Information Content of Photographic Star Images," a
paper presented at the 1965 Annual Meeting, Optical Society of America,
October 5-8, 1965, Philadelphia, Pennsylvania.

*%* See Appendix III, a proposal to the National Aeronautics and Space
Administration for an Automatic Proper Motion Survey. Department of
Astronomy, University of Minnesota.
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diameter). Thus, an image of simpler and more precisely described shape would

be advantageous for use in evaluating the performance of the scanner.

A. The Apparent Transmittance of an QOpaque Circular Image as "Seen" by a
Circular Scan Spot

An image whose transmittance has the form of a circular "well" may be

characterized by the following equations:

T(r) = Ti r < ri,
(A-3)

=T r>r,,

b i

where Ti is the transmittance within the image circle and Tb is the background
transmittance outside of the images. Here 'transmittance refers to the ratio
of transmitted light to incident light for an infinitesimal spot of light; the

image is treated as continuous rather than grainy. If Ti =0.0and T, = 1.0,

b
the image is just a round opaque dot on an otherwise clear field.

If an ideal image corresponding to Equation (A-3) were scanned by a
finite spot of light, it is clear that the scan spot would not be occulted
discontinuously but would require a finite time to disappear and reappear. Of

course, if the spot is larger than the image, it is never completely eclipsed.

If the spot has radius T, and is centered at a distance £ from the center

of the image (at the origin), the apparent transmittance is just,

T(E, r) = —5 f f T(r) Ay, - (4-4)
s scan spot

For the image considered here, this reduces to

1
T, (8, 1) = —3 (T, - T A+ Ty (A-5)

c
]
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where Acom is obviously just the area of overlap between the spot and the
image. A number of cases arise here and these are illustrated in Figure A.l

for r <1, and Figure A.2 for r,2r The distinction between Ib and Ic

i.

(or IIb and IIc) is merely a matter of convenience in the integral evaluation

of A . In Ib and IIb it is easier to evaluate (wr 2. A _); in Ic and IIc,
com 8 com

Acom is evaluated directly. The integrations are all straightforward and in

many cases, trivial. The results are as follows:

Case I, r S r,:
TG 1) = T, 0<E< @ - 15
_ A' [ 2 2
=LA (G, -T) T, (ry -mr) <Egrt-r
mr
8
A [ 2 2 .
:I:b+('ri-'1‘b) 7 r,t - <§<(ri+rs),
T
8
=T , (x; +r) <8
17 1 Y
A' =Ey +r2s1n1-2-rzsin1—9-
o r i r, ;
8 i
2 -1 90 2 . -17%
A -§y°+r sin rs+ri sin ri,

1
yo.'i'f;,= 2r12§2+2r82§2+2r12r82-§4-r.4-r4.
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Case 1II, L > rys
2
Ty
Ta(g’rs)amb+(Ti-Tb)_2-’ 0-<-§-<-(rs-ri);
Ts
2 A" 1 [ 2 2
" Tb + (Ti - Tb) (ri T ) r 2’ (rs;- ri) <8= g ~ T3
8
- A 2 _ .2 .
’I!b+('1‘i Tb) 7 » r, r, <§<(rs+ri),
nr
]
=Tb (rs+ri)§§;
17 1Y
A"=’§,yo-1:'s sinlr—°+r12 sinlr—o-;
s i
1y 1Y
A=-E§ Yo + T sin 1 ;2 + ri2 sin 1 ;2 H
8 i

(a-7)

It is clear from inspection of Equations (A-6) and (A-7) that the
variable parts of Ta(g, rs) depend only on the difference (Tb - i) and on the
ratios §/ri and rs/ri. Thus, a set of "universal" curves can be generated by
choosing (Tb = 1.0, I, = 0.0) and plotting Ta(gldi) with ds/di as a parameter.
The image and spot diameters (di and ds) were chosen rather than the corres-
ponding radii because it was felt that it is somewhat easier to obtain a visual
estimate of the total width of an image. A family of curves based on
Equations (A-6) and (A-7) is presented as Figure 5 in the main text above.
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Note there that the transmittance profile degrades very rapidly for
ds/di > 1. In effect, the image is then being used to interrogate the size

of the scan spot.

B. Estimate of Scan Spot Size for the Engineering Test Model Scanner

A series of calibrated opaque circular dots on a clear field has been
prepared by Franz Ucko using photoreduction techniques developed for semi-
conductor etching and photoetched circuit work., These images, which range
in diameter from 10 microns to 160 microns, have been observed and measured
under a microscope. Under sufficient magnification to show distinctly the
fuzziness of a typical star plate image, the 10 micron dot appears as a sharp
round image. The plate containing the series of dots was inserted in one
channel of the engineering test model star plate machine and the x-axis
position--governed by the lead screw--was adjusted manually to give a maximum
signal for each dot as it was transited by the flying spot scanning in the
y direction. The resultant amplified video output from the photomultiplier
is shown in Figure A.3 for six of the dots. The microscopically measured
diameters are given as di; the diameters as measured across the central

graticle line of the video trace are given as dv'

In light of the rather crude measurements obtainable from the oscillo-
grams, the agreement between the di and corresponding dv is excellent. The
generally steep sides and sharp lower corners on the video traces of all but
the smallest dots indicate that the system detects the details of the image
with relatively little distortion. The positive going peaks on each side of
the image are probably caused by diffraction.

Figure A.4 shows apparent transmittance profiles calculated on the basis
of Equations (A-6) and (A-7) for a fixed scan spot diameter, ds = 22.5 microns,
and image diameters corresponding to those of Figure A.3. The match between
these results is very good. Note that if ds is increased to 25 microns, the

predicted peak of the trace for the di = 20 micron dot would come at
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Figure A.

= 160u; d_ = 164y
1 v :

= diameter of opaque circular image

= image diameter measured on video trace

Experimental Scans of Various Calibrated Opaque Circular Images.
The oscillograms were obtained from the amplified video output
of the photomultiplier in one channel of the engineering test
model star plate scanner. The bright dashes are derived pulses
from a reference reticle in the other channel of the scanmer;
the distance between the leading edges of successive dashes
corresponds to a scan length of 100y on the image plate.
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Ta(O, 25) = 0.36--a value somewhat too large to match the experimental trace.
On the other hand, if ds = 20 microns, the predicted peak would be

Ta(O, 20) = 0.0--a value too small to match the observed video. Note also
that the trace for the 10 micron dot shows a very shallow pulse coming down
from the background and that the width at the base is just slightly less than
that for the 20 micron dot--the scan spot is being interrogated by the image.
Although a precise determination of the scan spot diameter from these traces
would undoubtedly require a correction for diffraction and for minute photo-
graphic edge effects in the opaque dots, the present treatment does seem to

give adequate and consistent results.

C. The Apparent Transmittance of a Star-Like Image Profile

In principle, the apparent transmittance of a star image as seen by a
finite scan spot can be obtained by carrying out the integrations in
Equation (A-4) with T(r) given by the expression in (A-2). However, the
procedure is analytically intractable. Furthermore, it is not sufficiently
certain that Equation (A-2) is correct to justify extensive and costly

numerical calculations using this form of T(r) as a basis.

The photodensitometer studies of Evensen and Mohr* provide empriical
image profiles for the Palomar-Schmidt plates and these curves can be approxi-
mated by simple combinations of polynomials whose integrals can be evaluated
in closed form. The following functional form will be chosen, rather

arbitrarily, to represent the transmittance of a starlike image:

2
T(x) = Ti + Tzr r<op,

=T, 4T, r>p. (A-8)
r

* See Appendix III, a proposal to the National Aeronautic and Space
Administration for an Automatic Proper Motion Survey, Department of
Astronomy, University of Minnesota.
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It is clear that the transmittance is automatically equal to Ti atr =0
and to Tb as r - ®., One would also expect a reasonably smooth profile (on a
scale large compared with the grain size) and this can be achieved by requiring

T and its first derivative to be continuous at r = p. Thus,

2 1
T(p) = T, +T,p =T + T_4 % (A-9)
and
dT _ - 1
EIP—Zsz--4T_4p5 (A';o)

Together, these equations imply the following relations:

.. 2(1, - 1,)
27T T
(T, - T,)
T
T, ~——5—0p - (A-11)
Hence, 2 .
T(r) = T, +2/3(r, - T) 5, r<op
0
T, +1/3(T, - T,) R (a-12)

The transmittance T(r) from (A-12) can be substituted into the integral in
(A-4) to obtain the apparent transmittance. The various cases which arise are
again illustrated by Figures A.l1 and A.2. 1In general, if the spot is centered
a distance § from the image center (origin), then

Ta(§: rs) - jz' (ff T(r) d Aspot +II T(r) d Aspot) s (A-13)
8 A A’
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where A is the area of the spot in which r < p (i.e., the overlap with the
central portion of the image) and A* is the area of the spot where r > p.

Direct evaluation of Equation (A-13) when both A and A' are non-zero is not

obvious. However, Stoke’s theorem,

jj(vxi)-£u=§1?-§ds, (a-14)
A c

(o] (o]

may be applied to transform each term from a surface integration over Ao to a

line integral around the boundary Co of the surface. The appropriate

substitutions are as follows:

3

F=-Z—e,vxf«"=r2k, r<op; (A-15)
I7=-—1—9,vxf=-—lg, T > p. (A-16)
3 4
2r r

With the transformation given by Equations (A-14) with (A-15) and (A-16), all
integrals encountered in the evaluation of (A-13) are changed into forms which
are listed in a typical table of indefinite integrals. The procedure is then
straightforward, but somewhat lengthy. It yields,

2§2 +r 2

—-2—8, 0<E<(p-r1)s

T,(E, r) =T, + (T,
3p

1
=3
[
A

4

2
R AT Bt o 22>’ 0=8= (-0
£ - eh

2§2+r82 .
=T, + (T, - T,) 5—+ - F ,|p-rs|<§<(p+r8);

3 55 (PHT)<ES

]
=3
o
~’
=

=T, - (T
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1_2 7:2 er
s

e 2 o222
F = {<l - —82-> COS-l Ay - cos-l —2
P 2

p4+5p2r -
+ / -p}if2-<§-r;
12pr
3p2-2§2-r2 p2-§2-r2 2 lg2_‘_92__1_2
s -1 ) p- -1 8
F={ 5 cos 7 Er - > €08 235
3p s T P

29t . af5- /<§+r) - o2
2 __2)2 §+r
3G -, - g - r?

5o’ - st - 2%y + r? - sphyEl 4 g

2.2, 2 .2
12p7r " (x,” - E)

+

x\/4p2r82 - (p2 + rs2 - §2)2} . (A-17)

A plot of the Evensen and Mohr data for the imsge of an 18" magnitude
star on an original plate is shown as the solid line in Figure A.5. These
results were obtained using a microdensitometer with a spot diameter of 30
microns (rs = 15 microns). It was also found that Tb = 0.1 on a typical
original plate--i.e., the plate is heavily fogged. With these values for Ty
and T,» and an estimate of p = 45 microns, Equation (A-17) was used to find
Ti‘ Comparison of the empirical curve with the curve resulting from
Equation (A-17) with a 30 micron spot diameter (the dashed curve in Figure A.5)
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APPARENT TRANSMITTANCE
~0.10

~—— MICRODENSITOMETER
TRACE OF aN igth
MAGNITUDE STAR

—-—-COMPOUND POLYNOMINAL
IMAGE PROFILE FOR

. dg~0
.~ ~=--COMPOUND POLYNOMINAL
IMAGE PROFILE FOR
-0.02 dg =30y
45
L I 1 1 i 1 1 i
-80 -60 -40 -20 0 20 40 60 80

DISTANCE FROM IMAGE CENTER TO SPOT CENTER (MICRONS)

Figure A.5: Compound polynomial approximation to the transmittance profile
of a photographic star image. The experimental microdensitometer
trace corresponds to the image of an 18th magnitude star on a new
original plate taken with the Palomar 48" Schmidt telescope. The
parameters for the compound polynomial image are T, = 0.1 (back-
ground transmittance), T, = 0.0248 (transmittance at the image
center), and p = 45 microns (the image ''radius™).
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reveals reasonably good agreement. The transmittance profile for a zero

diameter spot, Ta(§, 0) = T(E), is also shown in Figure A.5.

This set of image parameters (p = 45 microms, I, = 0.0248, T, = 0.1) was
then used to study the effect of varying the spot size for a given image. The
results are presented as Figure 6 of the main text. Note particularly that
the curve for da/Zp = 0.25 corresponds to a spot diameter of 22.5 micronms,
the approximate value inferred from the video profiles of the calibrated opaque
dots. The change in the transmittance profile of the star image due to the
finite size of the spot is very small.

Even near the limiting magnitude for the red plates (mred = 20) the images
have diameters of the order of 30 microns. It is clear from the curves in
Figure 6 and from the experimental results on the calibrated dots (Figure A.3)
that the scanner should have the capability of consistently resolving images
near this limit. Indeed, this system presents the possibility of varying the
scan spot size (by changing the collecting aperture) and thereby tuning for a
maximm ratio of the signal from a limiting magnitude star image to the "noise"
from the grain background (see Figures 32 and 33 in the main text). The
scanner appears to have the necessary margin of sensitivity; investigation of
this attractive possibility is continuing.
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DIGITAL DATA PROCESSING IN THR PRCPER MOTION SURVEY:S

MAGE RECTHSTRUCTION
I, INTRODUCTION

The data processing problem for the proper motion gurvey--under the
asgumption that the row data represenis individual treznsits--can be divided
into the following seven tacks:

1. Gathering of scan date (transit coordinateg) in computer compatible

formy

2. Transformation of data from gequencisl order along scan path

to group order by image;

3., TReduction of tramsit groups to “area" znd “centroid" of correse

poengiang images:

4. Pairing of images from 51d and new platess
5. Computation of plate-tc-plate alignment transformation from

stare with negligible wmoticong
6. Celeculaticn of proper uwotiocns;

7. Determination of stollar mzgnitudes for motion staxs. Tasks 1
through 3 comstitute & wecometruction of the plate patterns in
tho computer; tasks & throvgh 7 repregent the detectiom and

meagurerznt of proper mwilons,

it 1s obviong thet thz collzction of raw transit data from the plate
interrogation imsirumentation (tesk 1) must be done with a digital system

whick is sufiicicntly faat to transfer the daiz from the scammer to mag-

natic tape without baing saturated by the rates eupectaed freom a typleal
plate pair. BHowever, becauge of (1) the variations in the data rate and

a
(2} the idle tims ssscociated with plate setup, it geems clear that the
digital portion of the real-time scanning system should otherwise be as
gmall and incwpensive as possible. It would be very unasconocmical to have
o large, sophisticated computer aystem waii for data fyem the scemmer.
Turthergere, 2 premivm is paid for machine time when a direet tie-in

{iostaent turnaround) is required.



In eontrast with the =inimal syoten which is dosiradble for transit
datz gothering, the remeining taashs {2 to 7} chiould be done on the larvgest,
fastest computer on which time is available, This asservtion is based o
two conditiona, Firsgt, the computer has complete contiol over its data
irput rote (from taps) and can thevefore operate very close to its maximum
afificiency. Second, the cost per cowsutaticn decrezsges as the size and
spead of the computer gystem increases provided that the comparison among
systexms 1s made when each is operating st ite fvll capebility.

Under certain civcumstances, however, these guidelines may be modified,
In particular, there are some attroctive alternotives for tagk 2--the
scan~tcaimage data sort. The relaticms of this “sorxt™ problem to the adja-
cent tagks~-data gathering and imege vecongirueticue-and a poscible tech-
nigue fer hondling the sort on ¢ coumputer are the subjects covered by

the vomainder of this nots,

=t
‘l:*!
i
5
i
ffi
o
3
‘é%

AH-U0-THAGE SCRAT AND THE TRANSIT-TO-IMAGE

The problems of gorting and grouping the transite by imege (task 2)
snd of reduding each tTzusip group to & star centrold and size (task 3)
czn be solved concurrently; ersch new trzueit 1s absorbed inm the corres~
poading pavilal~imnge sums as gocn as it is pyoperly identified. Thus,
the data ig Crousformed Qivectly from o soquence of tranmsite ordered by

their occurrence along the gcan path £o a set of gum triplets

SN Leygrdydayy , Layy,
13 &

{= Ston number = j= imoge number

o
where cach triplet chavacterizes the Llocation and magnitude of a “stellar®
imaga. If the enmtire preceas of imsge fo?malion were t0 be dome in digital
Form and In wveoal time as ¢t

R

w I od on to individeal slars, other astroncomical obietts which
bhove gone ﬂ%at star-lile images--e.g. galaxies--and plate flaws will
be reprasented in the gcet of triplets,

2 data is gathozed. them this direct transformatiom



of r&w scan data into imzges ls probably the only approach which is remotely
posgible, However, the cize &nd speed of the coxpuler system required,

even for this idealized procadure, gppear o be aconomically prohibditive.

It geems spproprieste, therefore, to drop the requizement of real-time

digital image formation.

Relaxgtion of the on-lire constraints romoves the physical limlitaticns
cn the time grvailable for racomstruciing the images (although economic
limitztions ramain)., Thare ave then a number of advantages £o be gained

by soparating the gecen-to-impge trangit sost £rom the grea-centroid calecu~

I3
)
oot
i5e
O
fd
5%
°
2N

hip sepavetion permits, fov eomample, the following operaticns
to be iuterpooed deiwean the dara sort end the imcoge reconstruciion.

1. Thz image group can be tested for "missed” tramsits and for
cyctematic grouth and decay of tranait sice as the image is

L)

swest out (Lhiough the group of tramsits).

2. Siwple tests of image shape--intended puimarily o differentiate
vetwean ecirvcular aad non-circviar lugges--may be cavried out on
the fxansit groups. This type of testing cdbviously cannol be
done after the data has been reduced to centrcids and isophotal
areas.

3. The transit groups con be geparated quickly aceerding to size.
This ig significant because the giructuve of the larger images
{star megritude m < 12) car be quite complex; diffraction gpikes

and blazes ere among the moze ccommon of these stzuctural features.

It is cped that mest of the transit grouds will be complete and
t simple, noavly-cizeular images. Such “standard" groups
nay be redvced Lo axeas and centroids dizsetly by empleoying the corres-

K I - o 3
1Z arscrete sum &xpressions:

|
i

-
Ax I By &
'i‘romsi*i'

group



I < LAYy S Z Ay, (2)
: ‘hrqmsd' tTvonsit
gvcup 3voup

5,0 £ (Guray)ay /L2y, .

Transit Tromait

Qroup oroup (3)

The remainiag image groups will require special treatwent. If a
group is miscing a few transits (zelativa to the total number in the
gzoup) but is otheruvise well behaved (i.c., Tepresents a mearly circular
image) then the image center and radius may be found by £itting the existing
data to a cirele in a least sguares sense. Alternstively, the missing
trangits may be artificially generated; the augmented data (actual plus
inferred traunsits) may then be used in Equations (1) to (3). 1If the data
for a group fails to meet the criteria for a oystematic variatiom of
ze across the Iimage or the simple gymmatry (circularity) checks,
then the possibility of overlapping cimple images (leading to "dumbbell"™,
trefall, or avan'higher order chape) chould be tested. If the group camnot
38 cet of conters of two or more individual stars, thenm it

should be deleted fLrem the list with a brizf output of its plate location
and grosc characteristica. This procedure should remove come spurious
ormation abouit such objects as non-circular
golouzies, dzregular emulsion £laows, plate écratches, and astereld trails.
FPinally, images of bright stars which are knowa to be complex a priori
cen be given appropriate gpacial treatment directly'without first going
through some of the inltial tests which'aée used to clagsify the smaliler

images,

The mzin observations discussed in this secticn may be summarized



1. The "vaw" data should first be reassembled so that all transits
corresponding to 2 particular image are grouped together before
any further processing is attempted.

2. The transit groups should then be reduced to star locations
and sizes using & hierarchy of tests designed to distinguish
between single stellar images, overlapping compotind stellar images,
and ron-stellar images. 1In order to conserve machine time, the
bigher order (more complex) tests aze to be applied to an image
group only if it fails to meet criteria which designates it as
complete and nearly circular-~an isolated star-like image.

The second guideline i{s illustrated by the partial flow charts presented
in Figure 1.
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13T, DERATICH SETWEEH TRAHSIT DATA COLLICTICH AXD SCAN-TO-IMAGE TRANSIT SORT

Thea trancits are collectad from the otar plates in the order 4m which
thay cccur aleng the scan path, Ag was pointed cut above, the digital
Geta-gatheving system must zecelive the traasits from the scanner at a
vezlioble rate and dvmp them cut or megnetic tave at 2 uniform rate. The
bBufZier vhick 15 Interposed between the scemmer and the tape must conteing
thersfore, on extenslve temporary memory and a fairly sophisiicated control
gaction to monitor betk the Inmputfoutput to this memory and the operatioa
of the tope uniis, Indead, the exzecutive scetion wust have the contzol
capabilities of the ceniral processor in swell computer~--z production
iten which can probebly be obtained in less time and at loes experse than
weculd be invelved in the design and fabricatlen of a special purpose
exccutive. However, the processor from a small cooputer would automatieally
Include arithmetic 2nd logical capsbilities aleong with iis control functions.
Thus, if such a8 computer is gufficiently fast and properly organized, it
may be poscible to gort the data into image groupo befora it is dumped
to tape, A veal-time sort of this form gheuld reguit im & significant
saving in ccmputer time on the large system (probably the University'a
new 6800} which is to compleic the veducticn izem trznsit data to proper

2
fude b v el 48

=aining Laaks (3 to 7) on a real time basis during the scan. (See the
iccussions of Uime Teguizements in TH-953€4-3, vhere a large CBC 3600 is
Pigero 2, then, ropueosents the tuo most probable alternatives
ng the processing tasks. The fival scction of this memo

heue for sorting the data which iz largely independent of

Eezce, & seleclion botween the licdes A snd B ia Figure 2

ig not a criticsl point in the system development,
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Iy, CUTLINE OF A SCHEME FOR SORTING THE TRANSIT DATA FROM SEQUENTIAL

SCAN~PATH CRDER IHIC IMEGE GROUTS

A cchematic representation of the scan pattern on a stax plate is
presented in Figure 3a. The ecan path along each individual ccan is from
bottem to top and the scan® are siepped sequentially from left to right.
Each time an image i8 tzansited (and detected), the following data is sent
to the collection systems ?'yingtess(s’i)’ dy(s,1), x{s,1i). EHere (s,i)
ave indices which demote, respectively, the pariicular stan and the
particular image to which the transit corvespends. The total data from
cach traneit can bz corprezsed into a single 47-bit wozd (a 48-bit word
ig more comvenient for existing mechines~-gee TM-9564-3, pagev 6) which
will be dencted zs T(s,i).

The transits are stored iato the “deep" memory of the computer in
the zerial crder in which they occur aleng the seen path. In a smaller
machine, each tramsit will require a number of computer words~-e.g.,
four woxda par tzensit ia a 12-bit machine such a2s a GBC 160A, three words
ox transit in a 16-bit machine such ag a €DC 1700, etec.~-whare the address
£ the fivst word in '1‘(3,1) ig denoted by A(3,i). The tramsits wiil be
stoved sguch that therz ip en additional blank camputer word following
each T{s,1). During the data sort, this blank word will be filled by a

w

o]

“chaiaing® addrecs which gives the location-~probabiy A{s-1,i)--of the
tranpit vhich fmmedistely precedes T{s,i) in Imege i, In addition teo
the T'c end corzespanding blanks, a Ystart-of-scan™ identifier will be
senged and stoved cach time a new gean begins, Figure 3b presents the
conditions in “deep” memozy after the data has been gathered from the

egcan pattern of [igure 3a,

The organization of computer memory during the gcan-ito-image transit
sort ie shown achematiecally in Figure 3¢. The memory is broken into the
following three types of gequeatial lists:

1, "Decp HMenory™ which containg the raw transii data in scan path
order plus the asscciated cells for image “chain® addresses,
This list cccupies the majority of available memory space.

2. A pair of varizble~length lists of partial imsges (PIL). The
"active” PIL contains the most recent transit and its deep memory



A4 A 3 A A L image .
‘S
1 I{p,k)
e m;,;m“ fad
Sean q | %
T{q,1)
k R
(1,1 b. "Deep”™ wmemory with raw transits
~—— ——— orderad sequentially along the
L - Wk scan path. Before the gort,
the image index iz umimown and
- ki 7{q,K) the scan indax is implied by
— the sgtarteof~scan identifier.
e S The address of the start of
~——" data urit 7(s,1) is denoted by
Scan ¥ ¥ A{z,1i). A "data unit® in nem-
_ ory consists of a sequential
i T{=,1) group of words sufficient to
— contain the 47 bits of T plus
% a blank word™* (in which a
— chaining address will bé stored
T(r,k) when the transits are sorted
——— into image groups~-Sea
e Pigure 3¢ below).
L P q_ T 8 4 reo s Sn‘:m
Scea 5 |%
a. Schematic of Scon Pattemn (s, 1)
T{z,i) vepresents ihe transit | ___ __ __
data obtained from imege £ N
duzipg gcan 8. Eech T is a
47-bit digital data word. T(s,k

oFaate
essv

lons Betweenr Scan Data, Computer HMerory, end the
Soxt Pronedure



Partial-Image Iists (PIL)
{Containz the mogt zecently
sneounterad trensit for each.
partially completed image)

tist ¥ 1ise 2%
“future™ PIL scan g
Yactive™ PIL scen ¥
(g, i}
RN
T{g,1)
- Eq,'j';? Clutunet #iL gean z
T{a; &)
“1@ ,1‘5‘ \ T,y
Tad of list AN IS
1,33

Ya,

* +
s e
Afg, 33 ;TI0L

. . Lo ST S8
R T, 1)
facrive® PIL scan t —— e e—
{Wcitten over A€z, i)
list zbhove)
Ted of iisnt

pen—y—. -

Figure 3 ‘Contianued):

€. §C
Scan-Path Order to Image Groups (Chaing).
£

Completed-Image List
{(Containg starting
address of zach chaia
««the last transit
encountered iz each
image) '

Previcusly
completed
inages

Notesg:

% The location of Yactive"
and “future" Pils alter~
nates between Lipks 1 and
2 oo guccegsive scans.

TEGI = Tentative end
Of imgeo

W

Wl

0 address gigpals the
first tvangsit of an image
aleng the scan path. Tids
bacomes the last transic
iz the image chein.

-~ Basplis of soré on gean ¥ T(s,k)
[ 3T 4

Deep Memory

.

T(p,k)

ou
Scan q
T(q,1)

—5%"—.

Ta,3)
K{p, 1)
T(g, k)

A{p, k)

Scan r

T{v,1i)
Aq,1)
(r, k)

Gl cap-
4A{4, k)

Scan s

T{s,1)

nematic of Computer Crganization for the Transit Sor: From Sequential
Changes ip the Computar Stare
or Sarts oa Scans "rY and "s" are Represeated



——

13

address for each partially completed image chalng the transits
ave llgted ift order of increasing center ordinate. If s denctes
the cean from which transits are ecurrently baing protessed, the
trangits irn the "asctive™ PIL will be of tue form T(s-1,i} or
T({c-2,1). BRere, transits from (5-2) will occur only if the
corregpoading transit of £ oo (s-1) was missed.

Toe "future®™ PIL contaias tremaits (and addresses) from the
currept ascan, T{s,i) or from the immediately previous scanm,
P(s=1,i), The "fuiuze®™ PIL from stan s bacomeg the “active™
PIL for gecsn g+l; the "future™ PIL for scan s+l is then written
over the old "active! PIL from sean s.

In summary, two sequential arrays (each of vhich ig sufficiently
icog to chaorh ary acticipated partinl-image list) arae set aside
in memory, The Mactive®™ and VSuture™ PIL's then alternate betwean
these tuo available 1iet locaticns on successive secans,

3. A list of completed images which contains the "dezp memory™
addresses of the final tysneits encountered in cach image.
These addresses become the gtarting points for the image chaina.
FPor a particulazr image, cech deep memory locaidion in its chain
contains a transit frzom the image and the address of the next
lecation in the chailn, The chaining process back through the
transits of an image tezwirates vher a “0" next address is
encowatered; the Y07 s stored during the gort when the first
trvangit of the image is encountered along the scaa path.

The states of these varicus lists for threa successive scans 9, 2,
aed s of Tigure 3a) ave showm im Figuze 3¢. The process for generating

these states ig described by the £low charts in Pigure 4. These charts
are simplified to the extent ¢hat they presuppose that if a gtar transit
is detected, it 45 approzimately of the correct isngth znd position and
that it is not segmented into twe or mere parts along its length. HBowevar,

the points at which more sophisticated tests may be ingerted are indicated

e

n the notes on the Ffigura. The program as it stdnds does accomnt for
igolated, completely-misgsed transits of an othorvise complete imsge.

4Aithough the process ean be understood moet thoroughly by tracing
through che Zlou chare, a textusl deseripticen of the basic decision processes
iz given below. The program sttempta £o match the next unaccomnted-for
uou) transit in deap mewory with the next upmatched (comparizon) transit
in the Yactive®™ partial-image list. This attoupted matching can have

three pessible ocutcomas,
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from daep memory; the comparicon transit remcins the same since

it s il wmmatched, '

e
[y

. 5
1

2 l‘f‘

q»

The center of £21ls betwaom the Ingress and

egresa of the compart + The new trangit is then

intevproted og the continmuaticn of the fmage Lo which the come

porisen Lrongl¥ coxT sncnds ’”‘{-e 28drags of the cemparison tiane

ait is stored in the pew ¢ ' ing addeess; the new

tcansit end it aim o d“c.,s ded to the "future™ BIL, RBoth
& Ycomparicon™ transit ave

it

§
tale
=]

ar
z ‘rc next “Mew™ trancit and the nox
thon brought up.

The couter of the neow tvansit fails shove the agress of the
cemparison tyonm —3'-. This ig intewprated as a miszsed twansit in

fed
.
$fhe InGse COLR2RsSn 3
e

mdlng to the comparvigon transit. The comparison

tronell i fesld 2 if a tzaLa4t vas wissed ¢n the pravious
scon alsec-~icc. o sea 1L i¢ containg 2 fenta tiv -cng-of~image
{TE01) tag. If tuo succagssive trangits arve wmissed, the image

is assured Lo be cempletz and the addrass of t‘ém cczpariuon
trensit is gent to tha ligt of completed Imeges. If only cne
trensit has bean migced, a TREOI tag 45 cet with the compsriscn
transit and thls Cransif, its 2ddvens, and the tsg ave transferved

to the "furuwre™ PIL, The nexzt cw.:pariscn" tranzit i then
vea the Pactive™ PILG the aew tvansii remains the
e ig still unaccounted for. o e

unitil some axpevience with actual geon data has been chiained.
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*mput. next daLa unit and its \
Ydeap memory™ addrese from }
gcan-ordered Taw transits /

!

- - 6-'?\ o //«
<x.> data uelt a transit? > Start of new scan \f)

-

g Yad  T(8,i), A(s,1)

‘f

<Is there & tr wsitv\ 2o N
" ‘A -

RE? /7 End of “active” PIL

in YCOT

S . no
. o g 2y{s,i) > \ - { Store *'0" {start of
£ 5 L cfa? 1Y X Ll P o 3
Ea L= -
14 yas ‘1'
- T3 2y{s,i) < ™. 2o
Coeigpt st wplad 2ty L = S—— add L1{8,1), A(G,%
<\ iLj(b 3 }y.;: :J;S 4 }}? M..%_,_ D q’d"‘”’( ] :' A .
g i , , to t
*- Trensit missad fature” PIL
| yes in i
‘y 3 = i'
A

¢, i
future™ PIL

entyy -
. T -t
in OO F"’zaRx

I
i {
. {Sec poge 18 for Definiticrs and Noves,)

_§

7(._-.,-‘._,3 iy *'?,\... Clhl

to Image




Y o » -
ic thore a tramsitN\_ = write "Endeof-1ist®
in "COMPARR"? Tais branch enterad caly on "future® PIL
if both curreat Tactiva®

ﬁ yes PIL and scen from “deep Y
wemory' are complete

Y

|

Perform list interchange

Does A{s',i?) have Add A(a',1i") to list "Euture" PIL <=> "aetive" PIL
a TEQL zag? of comploted inagos

yes

1 Place firgt entry from
Set TROT tag (new) "ective® PIL in
with Afs™,i%) Y COMPARR

Y

’T;‘:ausfar T(at,i'y, Afs', 1)

{Sec Npote 3)

#o "Furure® PIL
¢

y

Piace aext eatry
From Pactive® PIL
| 2 "COMPARE"

{See page 18 for Definitions and Notes)

Pigure 4 (coatinued)




Y

/7 Boes A(s',i*) haég\\\» ; Add A{s8',i') to list
a TROI tag? ;,/” ves of completed iwages

2 txaneits nizsed,
image group compieted

g n

2t TECI &
£

» h (5,,1‘:)

2
£

Transfor T{s',1"), A(s%,i")
o "futura® PIL

!

Lo
Flace next entry from
Tactive® Pl in COUPARE
(Sce page 18 for Definitions and Notes.)



Dafinitions:
1. T{s,1):
2. Als,i):
3. 2y{s,1i):
&e Ay(ssi)e
5. Tactiva"
6. futuere”
7. COriPARE:
. TROYe

a
e
o
8
-

ota 3¢

18

Data from trenoit of image i on secans

Address of stori of T(s,i) in "deep m2mory”
:_zyingress (s,1i) + Ay(s,i) [Twice ceater ordinate
of trangit T{s,1)]

Length of tranpit T(sm,1)

PIT; LActive list of partial imasges. Coutcins transits
frem gean e-1 (and from 5-2 if corrosponding
transits from s~1 wore missed) vwhere pcan 8 is
the curient scan

PIfLs Hew ldst of partfial imcpes being genecrated from
Yactivey PIL and curvent scan
C2il containing current entyy from “active"” PIL

Tentative-end~of~image

macts for seCuented transits should be inserted here.

If a tag for mizped trangits is to be placed in the transit

data, the f£ollowing opezaticp should bz inserted here:

Lred

Does &€e’,1') have N\ oo

<<::: a TROI teg? yd trancit™ tag ian T(g,i)

et "migsed-previous-

Tects of

s
s

ne
l )

length of ligt of cownloted fmoges may be inserted

L1}

here., Dump o faps 1f number cwceads acome value,



